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FAO ANIMAL PRODUCTION AND HEALTH
Animal agriculture substantially contributes to the world economy by providing 
food, jobs, and financial security for billions of people. With increasing concerns 
over global climate change and pollution, efforts are underway to reduce the 
overall environmental impact of animal production. This document analyses 
emission of non-carbon dioxide greenhouse gases, an important segment of the 
environmental footprint of animal production. It has been developed by a team 
that included experts in animal/ruminant nutrition, manure and soil 
management, animal and whole-farm modeling, and animal reproduction. Over 
900 publications focusing on nutritional and manure management mitigation 
strategies for methane (enteric or from manure) and nitrous oxide emissions 
were reviewed and analysed, and a synthesis of feed-, animal management- and 
manure management-based mitigation approaches and interactions amongst 
them has been presented. This document will help researchers, animal industry 
consultants, policy-makers, animal producers, non-governmental organizations, 
and other groups with interest in maintaining a viable and 
environmentally-responsible animal production sector to make sound decisions 
on selection and adoption of effective and economically feasible greenhouse 
gas mitigation practices. 
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Editors’ preface
This report presents a unique and exhaustive review of current knowledge on mitigation 
practices for greenhouse gas emissions in the livestock sector. It focuses specifically on non-
CO2 emissions from enteric fermentation and manure management. 
The need for this review was prompted by the lack of comprehensive, science-based, and 
consolidated information on existing greenhouse gas mitigation practices applicable to dif-
ferent livestock production systems across the globe. It is part of a stream of activities being 
carried out by FAO to identify low greenhouse gas emission pathways for the livestock sector.
The report references over 900 publications on the mitigation of direct nitrous oxide and 
methane emissions and highlights the most promising options, given their demonstrated 
effectiveness and feasibility for adoption. The review was deliberately limited to in vivo 
experiments to reflect what can be achieved with available mitigation practices. 
This in-depth assessment will inform the livestock industry, academia, governmental and 
non-governmental organizations that are interested in identifying and designing mitigation 
interventions for the sector. It will also help to identify research and development priorities 
in the area. 
Importantly, the report provides the initial, but crucial, information needed to conduct 
broader and more quantitative analyses. This review focuses on single mitigation practices, 
however, the effectiveness of practices can enhanced when they are combined into pack-
ages of interventions, tailored to the production system and its environment. Designing 
emission reduction interventions for the sector also requires a detailed understanding of 
their effect on factors such as production costs, competitiveness and risks incurred by 
stakeholders along the supply chain, but also of their impact on other environmental goods 
and services such as water resources or biodiversity. This broader analysis will help to craft 
interventions that can deliver multiple societal objectives of the sector, which include food 
security, poverty reduction, economic development and environmental sustainability. 
For practical reasons, the review focuses on direct emissions, taking place at the livestock 
producer level. The reduction of emissions taking place upstream (e.g. feed production) 
and downstream (e.g. processing and transport) of the livestock producer were excluded, 
although they can account for a large share of the total supply chain emissions, especially 
for monogastric species. Carbon dioxide emissions, which are mostly related to land use and 
land use change, but also to energy consumption, were also excluded from the scope of this 
review. There are sizeable mitigation opportunities among these emission sources, although 
their quantification remains challenging. 
The review was carried out by a team of experts who collated, analysed and synthesized 
the literature on non-CO
2 greenhouse gas mitigation practices. An advisory group provided 
feedback and broaden the knowledge base of the review. Together with FAO staff, the two 
groups assessed the identified mitigation practices and elaborated on the potential interac-
tions among practices during a peer review workshop. 
viii
While originally developed for internal purposes, this wide ranging state of the art review 
was felt to be a valuable resource for other groups also committed to addressing the sector’s 
emissions, and has accordingly been prepared for wider dissemination. 
Pierre J. Gerber, Benjamin Henderson, Harinder P.S. Makkar
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Abstract
Animal production is a significant source of greenhouse gas (GHG) emissions worldwide. 
Depending on the accounting approaches and scope of emissions covered, estimates by var-
ious sources (IPCC, FAO, EPA or others) place livestock contribution to global anthropogenic 
GHG emissions at between 7 and 18 percent. The current analysis was conducted to evaluate 
the potential of nutritional, manure and animal husbandry practices for mitigating methane 
(CH4) and nitrous oxide (N2O) – i.e. non-carbon dioxide (non-CO2) – GHG emissions from live-
stock production. These practices were categorized into enteric CH4, manure management 
and animal husbandry mitigation practices. Emphasis was placed on enteric CH4 mitigation 
practices for ruminant animals (only in vivo studies were considered) and manure mitigation 
practices for both ruminant and monogastric species. Over 900 references were reviewed; 
and simulation and life cycle assessment analyses were generally excluded. 
In evaluating mitigation practices, the use of proper units is critical. Expressing enteric 
CH4 energy production on gross energy intake basis, for example, does not accurately reflect 
the potential impact of diet quality and composition. Therefore, it is noted that GHG emis-
sions should be expressed on a digestible energy intake basis or per unit of animal product 
(i.e. GHG emission intensity), because this reflects most accurately the effect of a given 
mitigation practice on feed intake and the efficiency of animal production. 
EntErIC CH4 MItIgAtIon prACtICEs
Increasing forage digestibility and digestible forage intake will generally reduce GHG emis-
sions from rumen fermentation (and stored manure), when scaled per unit of animal prod-
uct, and are highly-recommended mitigation practices. For example, enteric CH4 emissions 
may be reduced when corn silage replaces grass silage in the diet. Legume silages may also 
have an advantage over grass silage due to their lower fibre content and the additional 
benefit of replacing inorganic nitrogen fertilizer. Effective silage preservation will improve 
forage quality on the farm and reduce GHG emission intensity. Introduction of legumes into 
grass pastures in warm climate regions may offer a mitigation opportunity, although more 
research is needed to address the associated agronomic challenges and comparative N2O 
emissions with equivalent production levels from nitrogen fertilizer. 
Dietary lipids are effective in reducing enteric CH4 emissions, but the applicability of this 
practice will depend on its cost and its effects on feed intake, production and milk compo-
sition. High-oil by-product feeds, such as distiller’s grains, may offer an economically feasi-
ble alternative to oil supplementation as a mitigation practice, although their higher fibre 
content may have an opposite effect on enteric CH4, depending on basal diet composition. 
Inclusion of concentrate feeds in the diet of ruminants will likely decrease enteric CH4 emis-
sions per unit of animal product, particularly when above 40 percent of dry matter intake. 
The effect may depend on type of ‘concentrate’ inclusion rate, production response, impact 
on fibre digestibility, level of nutrition, composition of the basal diet and feed processing. 
xSupplementation with small amounts of concentrate feed is expected to increase animal 
productivity and decrease GHG emission intensity when added to all-forage diets. However, 
concentrate supplementation should not substitute high-quality forage. Processing of grain 
to increase its digestibility is likely to reduce enteric CH4 emission intensity. Nevertheless, 
caution should be exercised so that concentrate supplementation and processing does not 
compromise digestibility of dietary fibre. In many parts of the world, concentrate inclusion 
may not be an economically feasible mitigation option. In these situations improving the 
nutritive value of low-quality feeds in ruminant diets can have a considerable benefit on herd 
productivity, while keeping the herd CH4 output constant or even decreasing it. Chemical 
treatment of low-quality feeds, strategic supplementation of the diet, ration balancing and 
crop selection for straw quality are effective mitigation strategies, but there has been little 
adoption of these technologies. 
Nitrates show promise as enteric CH4 mitigation agents, particularly in low-protein diets 
that can benefit from nitrogen supplementation, but more studies are needed to fully under-
stand their impact on whole-farm GHG emissions, animal productivity and animal health. 
Adaptation to these compounds is critical and toxicity may be an issue. Through their effect 
on feed efficiency, ionophores are likely to have a moderate CH4 mitigating effect in rumi-
nants fed high-grain or grain-forage diets. However, regulations restrict the availability of 
this mitigation option in many countries. In ruminants on pasture, the effect of ionophores 
is not sufficiently consistent for this option to be recommended as a mitigation strategy. 
Tannins may also reduce enteric CH4 emissions, although intake and milk production may be 
compromised. Further, the agronomic characteristics of tanniferous forages must be consid-
ered when they are discussed as a GHG mitigation option. There is not sufficient evidence 
that other plant-derived bioactive compounds, such as essential oils, have a CH4-mitigating 
effect. Some direct-fed microbials, such as yeast-based products, might have a moderate 
CH4-mitigating effect through increasing animal productivity and feed efficiency, but the 
effect is expected to be inconsistent. Vaccines against rumen archaea may offer mitigation 
opportunities in the future, although the extent of CH4 reduction appears small, and adap-
tation and persistence of the effect is unknown. 
MAnurE MAnAgEMEnt MItIgAtIon prACtICEs
Diet can have a significant impact on manure (faeces and urine) chemistry and therefore 
on GHG emissions during storage and following land application. Manure storage may be 
required when animals are housed indoors or on feedlots, but a high proportion of rumi-
nants are grazed on pastures or rangeland, where CH4 emissions from their excreta is very 
low and N2O losses from urine can be substantial. Decreased digestibility of dietary nutrients 
is expected to increase fermentable organic matter concentration in manure, which may 
increase manure CH4 emissions. Feeding protein close to animal requirements, including 
varying dietary protein concentration with stage of lactation or growth, is recommended 
as an effective manure ammonia and N2O emission mitigation practice. Low-protein diets 
for ruminants should be balanced for rumen-degradable protein so that microbial protein 
synthesis and fibre degradability are not impaired. Decreasing total dietary protein and sup-
plementing the diet with synthetic amino acids is an effective ammonia and N2O mitigation 
strategy for non-ruminants. Diets for all species should be balanced for amino acids to avoid 
xi
feed intake depression and decreased animal productivity. Restricting grazing when condi-
tions are most favourable for N2O formation, achieving a more uniform distribution of urine 
on soil and optimizing fertilizer application are possible N2O mitigation options for ruminants 
on pasture. Forages with higher sugar content (high-sugar grasses or forage harvested in the 
afternoon when its sugar content is higher) may reduce urinary nitrogen excretion, ammonia 
volatilization and perhaps N2O emission from manure applied to soil, but more research is 
needed to support this hypothesis. Cover cropping can increase plant nitrogen uptake and 
decrease accumulation of nitrate, and thus reduce soil N2O emissions, although the results 
have not been conclusive. Urease and nitrification inhibitors are promising options to reduce 
N2O emissions from intensive livestock production systems, but can be costly to apply and 
result in limited benefits to the producer. 
Overall, housing, type of manure collection and storage system, separation of solids and 
liquid and their processing can all have a significant impact on ammonia and GHG emissions 
from animal facilities. Most mitigation options for GHG emissions from stored manure, 
such as reducing the time of manure storage, aeration, and stacking, are generally aimed 
at decreasing the time allowed for microbial fermentation processes to occur before land 
application. These mitigation practices are effective, but their economic feasibility is uncer-
tain. Semi-permeable covers are valuable for reducing ammonia, CH4 and odour emissions 
at storage, but are likely to increase N2O emissions when effluents are spread on pasture or 
crops. Impermeable membranes, such as oil layers and sealed plastic covers, are effective 
in reducing gaseous emissions but are not very practical. Combusting accumulated CH4 to 
produce electricity or heat is recommended. Acidification (in areas where soil acidity is not 
an issue) and cooling are further effective methods for reducing ammonia and CH4 emissions 
from stored manure. Composting can effectively reduce CH4 but can have a variable effect 
on N2O emissions and increases ammonia and total nitrogen losses. 
Anaerobic digesters are a recommended mitigation strategy for CH4 generate renewable 
energy, and provide sanitation opportunities for developing countries, but their effect on 
N2O emissions is unclear. Management of digestion systems is important to prevent them 
from becoming net emitters of GHG. Some systems require high initial capital investments 
and, as a result, their adoption may occur only when economic incentives are offered. 
Anaerobic digestion systems are not recommended for geographic locations with average 
temperatures below 15 °C without supplemental heat and temperature control.
Lowering nitrogen concentration in manure, preventing anaerobic conditions and 
reducing the input of degradable manure carbon are effective strategies for reducing GHG 
emissions from manure applied to soil. Separation of manure solids and anaerobic degrada-
tion pre-treatments can mitigate CH4 emission from subsurface-applied manure, which may 
otherwise be greater than that from surface-applied manure. Timing of manure application 
(e.g. to match crop nutrient demands, avoiding application before rain) and maintaining soil 
pH above 6.5 may also effectively decrease N2O emissions.
AnIMAl HusBAndry MItIgAtIon prACtICEs
Increasing animal productivity can be a very effective strategy for reducing GHG emissions 
per unit of livestock product. For example, improving the genetic potential of animals 
through planned cross-breeding or selection within breeds, and achieving this genetic poten-
xii
tial through proper nutrition and improvements in reproductive efficiency, animal health and 
reproductive lifespan are effective and recommended approaches for improving animal 
productivity and reducing GHG emission intensity. Reduction of herd size would increase 
feed availability and productivity of individual animals and the total herd, thus lowering CH4 
emission intensity. Residual feed intake may be an appealing tool for screening animals that 
are low CH4 emitters, but currently there is insufficient evidence that low residual feed intake 
animals have a lower CH4 yield per unit of feed intake or animal product. However, selection 
for feed efficiency will yield animals with lower GHG emission intensity. Breed difference in 
feed efficiency should also be considered as a mitigation option, although insufficient data 
are currently available on this subject. Reducing age at slaughter of finished cattle and the 
number of days that animals are on feed in the feedlot by improving nutrition and genetics 
can also have a significant impact on GHG emissions in beef and other meat animal pro-
duction systems. 
Improved animal health and reduced mortality and morbidity are expected to increase 
herd productivity and reduce GHG emission intensity in all livestock production systems. 
Pursuing a suite of intensive and extensive reproductive management technologies provides 
a significant opportunity to reduce GHG emissions. Recommended approaches will differ 
by region and species, but will target increasing conception rates in dairy, beef and buffalo, 
increasing fecundity in swine and small ruminants, and reducing embryo wastage in all 
species. The result will be fewer replacement animals, fewer males required where artificial 
insemination is adopted, longer productive life and greater productivity per breeding animal. 
ConClusIons
Overall, improving forage quality and the overall efficiency of dietary nutrient use is an 
effective way of decreasing GHG emissions per unit of animal product. Several feed 
supplements have a potential to reduce enteric CH4 emission from ruminants, although 
their long-term effect has not been well-established and some are toxic or may not be 
economically viable in developing countries. Several manure management practices have 
a significant potential for decreasing GHG emissions from manure storage and after 
application or deposition on soil. Interactions among individual components of livestock 
production systems are very complex, but must be considered when recommending 
GHG mitigation practices. One practice may successfully mitigate enteric CH4 emission, 
but increase fermentable substrate for increased GHG emissions from stored or land-
applied manure. Some mitigation practices are synergistic and are expected to decrease 
both enteric and manure GHG emissions (for example, improved animal health and 
animal productivity). Optimizing animal productivity can be a very successful strategy for 
mitigating GHG emissions from the livestock sector in both developed and developing 
countries.
xiii
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1Introduction
LIVESTOCK GLOBAL NON-CO2 GREENHOUSE GAS EMISSIONS
Unquestionably, the livestock sector represents a significant source of greenhouse gas 
(GHG) emissions worldwide, generating carbon dioxide (CO2), methane (CH4) and nitrous 
oxide (N2O) throughout the production process. Livestock contribute to climate change by 
emitting GHG either directly (e.g. from enteric fermentation and manure management) or 
indirectly (e.g. from feed-production activities and conversion of forest into pasture). Based 
on a life cycle assessment (LCA) approach, it was estimated that the sector emits about 7.1 
Gt of CO2-eq, or about 18 percent of total global anthropogenic GHG emissions (Steinfeld 
et al., 2006). 
Steinfeld et al. (2006) have estimated major sources of emissions along livestock supply 
chains as follows (figures under revision):
•	 Land use and land-use change: 2.5 Gt CO2-eq, including forest and other natural 
vegetation replaced by pasture and feed crop in the Neotropics (CO2) and carbon (C) 
release from soils, such as pasture and arable land dedicated to feed production (CO2);
•	 Feed production (except C released from soil): 0.4 Gt CO2-eq, including fossil fuel 
used in manufacturing chemical fertilizer for feed crops (CO2) and chemical fertil-
izer application on feed crops, and leguminous feed crops (N2O);
•	 Animal production: 1.9 Gt CO2-eq, including enteric fermentation from ruminants 
(CH4) and on-farm fossil fuel use (CO2);
•	 Manure management: 2.2 Gt CO2-eq, mainly through manure storage, application 
and deposition (CH4, N2O);
•	 Processing and international transport: 0.03 Gt CO2-eq.
The Intergovernmental Panel on Climate Change estimates (IPCC, 2007) follow a differ-
ent attribution procedure, placing global anthropogenic GHG emissions from agriculture at 
5.1 to 6.1 Gt CO2-eq /yr in 2005 (or 10 to 12 percent of the total) and at over 30 percent 
when land use and land-use change is included (Smith et al., 2007a). 
Based on a report by the US Environmental Protection Agency (EPA, 2006) the direct 
livestock contribution to global non-CO2 emissions, i.e. CH4 and N2O, can be calculated. 
According to the report, global enteric CH4 emissions were estimated/predicted at 2 079 
and 2 344 Mt CO2-eq/yr for 2010 and 2020, respectively; and CH4 emissions from manure 
storage were estimated at 470 and 523 Mt CO2-eq/yr, respectively. Meanwhile, emissions 
of N2O from various cropping practices (including emissions from fertilizers and manure 
application and deposition by grazing livestock) were estimated at 2 482 and 2 937 Mt 
CO2-eq/yr, respectively. 
The report did not specify how much of the soil N2O emissions would be from manure, 
but these were estimated at about 48 percent of the total livestock N2O emissions (excluding 
manure storage) by O’Mara (2011), which would amount to 1 191 and 1 410 Mt CO2-eq/yr, 
respectively, based on the aggregate soil N2O emission estimate in the EPA report. 
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Thus, based on EPA (2006) data, the total direct, non-CO2 GHG emissions from livestock 
totalled 3 740 and 4 277 Mt CO2-eq/yr for 2010 and 2020. When IPCC data (IPCC, 2007) 
for total GHG emissions are projected to 2010 and 2020 (a linear relationship; r2 = 0.98), 
according to the EPA (2006) report the direct, non-CO2 emissions from livestock contribute 
about 7.3 to 7.5 percent of global GHG emissions in 2010 and 2020, respectively. Others 
have estimated the contribution of animal agriculture to global GHG emissions at 8 to 11 
percent (O’Mara, 2011). 
According to estimates for the United States (EPA, 2011), livestock accounted for 
about 3.1 percent of the total GHG emission in 2009, but was the second largest emitter 
of CH4 (28 percent of the total emission) and animal manure was the third largest source 
of N2O (6 percent of the total emission). Both gases are powerful GHG with a global 
warming potential (GWP) of 25 and 298 CO2-eq (kg/kg; Solomon et al., 2007). In pas-
ture-based animal systems in countries with a large agricultural sector, such as Argentina 
and New Zealand, the contribution of livestock to GHG emissions is considerably greater 
(Leslie et al., 2008; O’Mara, 2011). 
The main processes contributing to direct non-CO2 GHG emissions from livestock are: 
enteric fermentation and manure decomposition. These processes are the largest sources 
of CH4 and N2O from any animal production system and are the areas of emphasis in this 
document. 
Life cycle assessments of various livestock systems have shown that on-farm emissions 
represent the largest contribution to the C footprint of dairy or beef supply chains (Roy et 
al., 2009; Beauchemin et al., 2010; Peters et al., 2010; FAO, 2010; Kristensen et al., 2011; 
Thoma et al., 2013; Figure 1).
Thus, the ruminant animal and its gaseous emissions (enteric or from manure) should be the 
primary targets of a successful GHG mitigation programme. 
Similarly, the animal is the main contributor to GHG emissions in the swine industry. 
An LCA of the United States pork industry reported the following breakdown of emission 
contributions for each stage of the production cycle: 9.6 percent, sow barn (including 
feed and manure handling); 52.5 percent, nursery to finish (including feed and manure 
handling); 6.9 percent, processing (5.6 percent) and packaging (1.3 percent); 7.5 percent, 
retail (electricity and refrigerants); and 23.5 percent, the consumer (refrigeration, cooking 
and CH4 from food waste in landfills) (Thoma et al., 2011). 
Major sources of GHG emissions in the poultry industry can be quite different depend-
ing on the type of production. An LCA of the United States poultry industry found that in 
the broiler house, excluding feed, 91 percent of the emissions are mechanical (purchased 
electricity, mobile and stationary machinery) and only 9 percent non-mechanical (enteric fer-
mentation and manure management). In a breeder house, however, 66 percent of the GHG 
emissions were reported as non-mechanical vs 35 percent as mechanical (Dunkley, 2012). 
Relative to ruminants, however, monogastric animals are minor emitters of GHG. The 
IPCC (2006a) assumes enteric CH4 emission factors for pigs at about 1.2 to 2.8 percent of 
the emission factors for cattle [1.5 vs 53 (beef or growing cattle) or 128 kg CH4/head per 
year (high-producing North American dairy cow)]. Recent estimates place GHG emissions 
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from pigs at about 9.5 percent of the total emissions from livestock (Gerber et al., 2012) 
and, according to the same authors, the contribution of poultry to the global livestock GHG 
emissions is around 9.7 percent (Figure 2). 
Domestic non-ruminant herbivore animals (horses, donkeys, mules, hinnies) produce 
enteric CH4 as a result of fermentation processes in their hindgut. As discussed in the 
following section, however, hindgut fermenters do not produce as much CH4 per unit of 
fermented feed as ruminants, perhaps as a result of availability of hydrogen sinks other 
than CH4 (Jensen, 1996). The IPCC (2006a) assumes enteric CH4 emissions from horses at 
18 kg/head per year (compared with 128 kg for a high-producing dairy cow of similar BW). 
With the world horse population standing at around 58.8 million (FAOSTAT, 2010), global 
enteric CH4 emissions from horses can be estimated at about 1.1 Mt CH4/yr. Assuming a 
GWP of CH4 at 25, enteric CH4 emissions from horses represent 26.5 Mt CO2-eq/yr, which is 
around 0.6 percent of the global GHG emissions from cattle (based on Gerber et al., 2012). 
Methanogenic archaea inhabit the digestive system and have been isolated from faeces 
of many monogastric and non-ruminant herbivore animals (Jensen, 1996). In these species, 
CH4 is formed by processes similar to those occurring in the rumen and is similarly increased 
by intake of fibrous feeds (Jensen, 1996). As pointed out by Jensen (1996), however, in 
pigs and perhaps other monogastric species, CH4 formation is not the only hydrogen sink 
and measured CH4 production is considerably lower than stoichiometric estimates. Sum-
marizing published data, Jensen (1996) estimated that a 100-kg pig produces about 4.3 
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percent of the daily CH4 emission of a 500-kg cow (0.10 vs 0.46 L CH4/day per kg of BW, 
respectively). Herbivore animals, like the horse, consume primarily fibrous feeds and emit 
greater amounts of CH4 than monogastric species consuming primarily non-fibrous diets, 
but their CH4 production per unit of BW is still significantly lower than that of ruminants 
(0.16 vs 0.46 L CH4/day per kg of BW, according to Jensen, 1996).
Wild animals, specifically ruminants, also emit CH4 from enteric fermentation in their 
complex stomachs or in the lower guts (Crutzen et al., 1986; Jensen, 1996; Galbraith et 
al., 1998; Kelliher and Clark, 2010). The present-day contribution of wild ruminants to 
the global GHG emissions is relatively low. Crutzen et al. (1986) proposed that global CH4 
emissions from wild ruminants represent from 2.5 to 7.7 percent (2 to 6 Tg/yr) of the total 
CH4 emissions from domestic and wild animals (78 Tg/yr). Enteric CH4 emissions for wild 
ruminants (bison, elk, and deer) for the contiguous U.S. were estimated at about 6 Tg 
CO2-eq/yr, or 4.3 percent of the emissions from domestic ruminants (Hristov, 2012). In the 
pre-settlement period, however, wild ruminants in the contiguous U.S. emitted from 62 to 
154 Tg CO2-eq/yr, depending on the assumed size of the bison population, which is on 
average about 86 percent of the present-day CH4 emissions from domestic ruminants in 
the U.S. (Hristov, 2012). Kelliher and Clark (2010) also estimated similar historic bison and 
contemporary cattle enteric CH4 emissions for the North American Great Plains.
In the global context, particular attention must be placed on mitigating GHG emissions 
from developing countries. According to the 2007 IPCC report, about 70 percent of the 
global technical mitigation potential from agriculture lies in non-OECD (Organisation for 
Economic Co-operation and Development)/EIT (economies in transition; former Soviet 
Union and Eastern Europe) countries, 20 percent in OECD countries (i.e. mostly developed 
Mton CO2-eq 2005
3 000
2 500
2 000
1 500
1 000
500
-
2 495
2 128
668
474612
72
618
Be
ef
 ca
ttl
e
Da
iry
 ca
ttl
e
Pig
s
Bu
ffa
lo
Ch
ick
en
s
Sm
all
 ru
m
in
an
ts
Ot
he
r p
ou
ltr
y
figure 2
Total emissions from the global livestock sector,  
by main animal species and commodities 
Source: gerber et al., 2012.
Introduction 5
countries), and 10 percent in EIT countries (Smith et al., 2007a). The U.S. Environmental 
Protection Agency (2006) estimates for 1990-2020 projected greater rates of total GHG 
emissions increase in developing countries of the Middle East, Africa, Latin America, South-
east and East Asia (growth rates of 197, 104, 86, 64 and 58 percent respectively) than in 
developed countries (OECD emissions were predicted to grow at 10 percent, for example). 
As pointed out by O’Mara (2011), Europe, North America and the non-European Union 
former Soviet Union countries produced 46.3 percent of ruminant meat and milk energy 
and only 25.5 percent of enteric CH4 emissions in 2005. In contrast, Asia, Africa and Latin 
America produced a similar amount (47.1 percent) of ruminant meat and milk energy, but a 
significantly large proportion (almost 69 percent) of enteric CH4 emissions.
SCOPE AND APPROACH
In analysing the effects of various practices on non-CO2 greenhouse gas CH4 and N2O 
emissions, the authors of this document did not account for the effect of these practices 
in the whole-farm or production cycle context. This task can only be accomplished through 
LCA analyses, which was beyond the scope of this report. We also did not account for 
economics of mitigation practices, which is again beyond the scope of this work. Various 
animal production systems will have different inputs and outputs (high-grain vs pasture 
in dairy and beef systems, for example) and these were not evaluated. Also, no efforts 
were made to recommend one production system over another. Markets, demand-supply 
relationships and consumer acceptance dictate the dominance of a production system in a 
particular geographical region or time. What is profitable for the farmer and acceptable for 
society today might not be so tomorrow. 
An example of the above complex interactions is the US beef feedyard system. In this 
system, cattle are finished on 85 to 90 percent grain diets and one can argue that a system 
so heavily dependent on grains, that can be more efficiently used to produce meat and 
eggs from monogastric species or used directly for human consumption, is not sustainable 
in the long term. But the beef industry in the United States is market-driven and consumers 
are willing to pay the price to have grain-finished beef. On the other hand, United States 
grain growers have achieved exceptionally high yields and need a market for their product, 
which is provided by the livestock industry and, more recently, the biofuel industries. This 
match of demand and supply has been working well for the United States, but it will not 
likely be a model for other geographic and economic conditions. 
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In addition, some analyses based on LCA have shown that grain-fed beef has a lower 
environmental footprint than grass-fed beef systems (Crosson et al., 2011; O’Mara, 2011) 
and that the largest GHG emissions in a beef production system (about 80 percent of the 
total) occur in the cow-calf phase, when cows and their calves are consuming predom-
inantly forage-based diets (Beauchemin et al., 2011). Analogous findings can be drawn 
for the dairy industry (Hagemann et al., 2011). These analyses, however, do not always 
account for all inputs and outputs, and conclusions often depend on LCA assumptions. 
According to some other estimates, inclusion of CO2 emissions from all inputs and loss 
of soil organic matter (OM) from grain production or not accounting for C sequestration by 
grasslands, for example, may significantly change total CO2-eq GHG emissions and account 
for the variability in results reported by LCA analyses from dairy production systems (Gill et 
al., 2010; Martin et al., 2010a; Doreau et al., 2011a; Waghorn and Hegarty, 2011).
Approach 
More than 900 publications were selected and reviewed during the preparation of this doc-
ument. Our goal was to summarize and critically evaluate available CH4 and N2O mitigation 
practices. Metrics for estimating mitigation potential should be standardized, which would 
facilitate comparison of data from studies using different analyses. The term “emission 
intensity” (Ei - CH4/unit animal product) has been introduced for enteric CH4 emission (Les-
lie et al., 2008) and, being based on emissions per unit of product, reflects most accurately 
the effect of a given mitigation practice on the composite of enteric CH4 emission, feed 
intake and animal productivity when compared with scaling per unit of feed intake. 
This analysis focused on CH4 and N2O as the major non-CO2 GHG from animal agri-
culture. Ammonia (NH3) is not a GHG but has significant environmental implications and 
therefore the effects of mitigation practices on NH3 emissions (predominantly from manure 
storage and land application) were considered. Being a major air and water pollutant, the 
environmental effects of NH3 are not localized to the area in immediate proximity to the 
emission source. The average lifetime of atmospheric NH3 aerosol has been estimated at 
three to four days and we have estimated, for example, that NH3 emitted from dairy farms 
in central Pennsylvania’s watersheds can reach the Chesapeake Bay on the east coast of 
the United States in less than 24 hours (see discussion in Hristov et al., 2011a). Based on a 
nitrogen (N) mass balance approach, we estimated that more than 25 percent of the feed 
N input on a dairy cow operation could not be accounted for in milk and manure after 24 
hours (mostly being lost as NH3; losses from beef cattle feedlots are even greater, reaching 
50 percent) (Hristov et al., 2011a). For a 100-cow dairy, fed a 17 percent-crude protein (CP) 
ration (standard for the United States dairy industry), this loss can be as high as 12 kg N/day, 
or about 4 400 kg/yr. This N can be deposited through dry or wet deposition and can con-
tribute to N runoff and ground water pollution as well as N2O emission from soil. Thus, NH3 
emissions must be considered in the context of whole-farm environmental sustainability.
Within an LCA, CO2-equivalent (CO2-eq) is used, which standardizes input and output 
units across the production system. A good example of the importance of using the right units 
for evaluating GHG mitigation potential was given by del Prado et al. (2010). From a simu-
lation analysis of mitigation practices on UK dairy farms, these authors concluded that most 
methods that reduced GHG emissions per unit of milk did so through increasing whole-farm 
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N use efficiency, with the result that less area was required to grow forages to produce the 
same amount of milk. However, there were increased GHG emissions per unit of farm land.
Our analysis placed a particular emphasis on animal experimentation data. Data gener-
ated by rumen-simulation in vitro batch or continuous culture (CC) systems were deliber-
ately excluded. In vitro systems are convenient for screening a large number of treatments, 
with sufficient replication, and in a short time, at a fraction of the cost of an animal study. 
Due to various factors inherent to all in vitro systems, however, fermentation end-products 
accumulate (batch culture systems) and the original microbial community may degener-
ate and protozoa usually disappear. Continuous culture systems have been designed to 
alleviate this problem and provide a stable environment for testing the effects of rumen 
modifiers. However, neither batch nor CC systems can answer the question of long-term 
adaptability of the ruminal ecosystem to a treatment. 
There are numerous examples of large discrepancies between in vivo and CC results 
within the same experimental series1. A meta-analysis of CC studies (180 studies with more 
than 1 000 individual treatments) concluded that CC systems are generally characterized 
by lower acetate concentrations, extremely low counts or lack of ruminal protozoa, and 
lower OM and neutral-detergent fibre (NDF) digestibilities compared with in vivo digestion 
(Hristov et al., 2012a). This analysis showed that variability was much greater for CC com-
pared with in vivo data. 
Modelling and LCA are important and useful tools for predicting effects of individual 
mitigation practices and interactions between practices. The analyses of Velthof et al. 
(2009) and del Prado et al. (2010), mentioned above, are just two examples of the oppor-
tunities offered by these approaches. The intention of the current analysis, however, was 
to be based on in vivo experimental data, so that the conclusions and recommendations 
drawn can in turn be used in modelling and LCA exercises. Thus, it was judged that, with a 
few exceptions, in vitro data and data from modelling efforts would not be used in devel-
oping this document.
Another important point is that mitigation practices, particularly those related to enteric 
CH4, must be studied for persistency of the effect, i.e. beyond the several treatment weeks 
of Latin square or crossover design trials typically used in animal nutrition and that are also 
potentially subject to carry over effects among treatments (Titgemeyer, 1997). The rumen 
ecosystem can adapt to some bioactive compounds (saponins, for example) and perhaps 
not to others (Makkar and Becker, 1997; Wallace et al., 2002). Unfortunately, although sci-
entists are clearly aware of this issue, very few studies have examined the long-term effect 
of mitigation agents or practices. Thus, for most of the enteric CH4 mitigation practices 
discussed in this document, data for persistency of the effect are critically needed.
A research process for evaluating the effects of phytogenic substances on ruminal 
fermentation and CH4 production was recently proposed by Flachowsky and Lebzien 
(2012). According to these authors, the evaluation process should include: (1) botanical 
characterization of the plant(s) and their composition; (2) analytical characterization of the 
active phytogenic substance(s); (3) in vitro studies to test effects of substances on rumen 
fermentation and methanogenesis (i.e. screening); (4) in vivo studies (e.g. feed intake, 
1 See Devant et al. (2001); Dann et al. (2006); Sniffen et al. (2006); Carro et al. (2009); Molina-Alcaide et al. 
(2009); and Cantalapiedra-Hijar et al. (2011).
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rumen fermentation, CH4 emissions); and (5) long-term feeding studies with target animal 
species/categories (e.g. animal health and performance, quality and safety of food of ani-
mal origin, environmental impact, adaptation of microbes). The last two steps of this list 
are critical, clearly apply to all rumen modifiers, and should logically follow any in vitro CH4 
mitigation project. 
Finally, a critical aspect of all mitigation practices that must be considered is their like-
lihood of adoption. Farmers are unlikely to adopt practices that (1) have no production 
(i.e. economic) benefit for their operation; or (2) are not mandatory and/or supported by 
governmental subsidies (anaerobic digesters in the United States, for example). An example 
of an economically feasible mitigation practice is the reduction of excess protein in the diet 
of ruminant and non-ruminant species, which can not only decrease manure NH3 and N2O 
emission but can result in feed cost savings and increased profit for the producer.
9Mitigation practices
Comprehensive reviews on CH4 and N2O mitigation technologies and overall farm sustaina-
bility have already been published2 and data from these reports have been extensively used 
in the preparation of this document. Our analysis focused primarily on mitigation practices 
for ruminant animals because GHG emissions from these species represent over 75 percent 
of the total CO2-eq emissions from livestock (Steinfeld et al., 2006). Mitigation practices for 
the following on-farm areas of a production system were evaluated:
1. Enteric fermentation
2. Manure and manure management
3. Animal husbandry
The vast majority of the studies covered in this document examined mitigation practic-
es in isolation and rarely discussed potential interactions in the context of the whole pro-
duction system. As stated earlier, the implications of various interactions among mitigation 
practices can be better understood through LCA analyses. As concluded by del Prado et 
al. (2010) from a simulation of UK dairy farms, “the effectiveness of a combination of 
GHG mitigation practices cannot be assessed by simply adding the effectiveness of each 
method applied singly”. These authors estimated a 45 percent reduction in GHG emis-
sions (per litre of fluid milk produced) when five to eight mitigation practices were applied 
simultaneously, compared to a 55-65 percent reduction when the mitigation potentials of 
each singularly applied practice were simply added. In this case, the discrepancy in predict-
ed impact was due mainly to N2O emission predictions, where as the discrepancy in CH4 
emission estimates was negligible. These and other outcomes depend on model inputs 
and assumptions, but also suggest more complex manure-soil-plant than animal-manure 
system interactions.  
It is also important that assessments of mitigation practices take into account “pol-
lution swapping”, i.e. decreasing the emissions of one GHG while increasing another or 
causing an upstream or downstream increase in the emission of the same GHG. Pollution 
swapping can occur as a result of diet manipulations, for example, the reduction of dietary 
N to mitigate N2O emissions from soil application of manure may increase enteric CH4 
emission due to increase carbohydrate intake (assuming carbohydrates replace protein in 
the diet). Pollution swapping can also occur with the implementation of manure mitiga-
tion practices, for example, the use of nitrification inhibitors to decrease N2O emissions 
may increase ammonium accumulation and consequently, increase nitrate leaching and 
NH3 volatilization. 
2 See Harris and Kolver (2001); Clemens and Ahlgrimm (2001); de Klein et al. (2001); Boadi et al. (2004); Clemens 
et al. (2006); Monteny et al. (2006); Kebreab et al. (2006); Beauchemin et al. (2007b; 2009a); Ellis et al. (2008); 
de Klein and Eckard (2008); Christie et al. (2008); Pollok (2008); Roy et al. (2009); Baudracco et al. (2010); 
Eckard et al. (2010); Martin et al. (2010a); Place and Mitloehner (2010); Sarnklong et al. (2010); Beauchemin et al. 
(2011); Cottle et al. (2011); Crosson et al. (2011); Hristov et al. (2011a); and Goel and Makkar (2012).
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The accuracy and precision of measurement techniques is another important con-
sideration when examining mitigation practices. For example, several publications have 
reviewed various aspects of measuring enteric CH4, with particular emphasis on the 
sulphur hexafluoride (SF6) technique3. The SF6 tracer method has been criticized for 
producing larger variability than established techniques for measuring CH4 production, 
such as respiration chambers. McGinn et al. (2006) and Clark (2010), for example, found 
relatively good agreement in group mean CH4 emission measurements between SF6 and 
the chamber methods, but variability was greater with the SF6 technique (Clark, 2010). 
The correlation between emission values obtained from individual animals and repeata-
bility in the estimated rates was also low for the SF6 method (Clark, 2010; Pinares-Patiño 
et al., 2010). Various factors, including permeation rate (Pinares-Patiño and Clark, 2008; 
Martin et al., 2010b), retention of the tracer in the digestive tract (Lassey et al., 2011), 
and different behaviour of tracer vs tracee gases (Pinares-Patiño et al., 2010) may affect 
CH4 emission measurements with the SF6 technique. In vitro gas production systems have 
been modified to measure CH4 (Pellikaan et al., 2011a; Navarro-Villa et al., 2011), but they 
suffer from the same disadvantages as all in vitro techniques (see previous discussion). 
Novel in vivo approaches have also been proposed, but their accuracy and precision have 
not been established (Storm et al., 2012; Nelson et al., 2012). Thus, when evaluating 
mitigation practices, it is important to examine critically the measurement methods used, 
particularly in relation to enteric CH4 production. 
Overall, care must be taken against unrealistic expectations of non-CO2 GHG emission 
reductions from the livestock sector. In any production system, profitability is often the most 
important decision-making factor that will determine adoption of the various mitigation prac-
tices discussed in this document. Any practice that requires additional investment and is not 
compensated by an outside entity (for example, government) or has a chance of decreasing ani-
mal productivity or increasing production cost, is likely to be rejected by the livestock producer.
When assessing the mitigation potential of various practices, users must consider the combined 
effects of interactions among animal-manure-soil-crop processes related to whole-farm profit-
ability, effectiveness in the field (vs experimental results) and the likely adoption rate.
ENTERIC FERMENTATION
Introduction to stoichiometry of rumen carbohydrate fermentation
Methane and CO2 are natural by-products of microbial fermentation of carbohydrates and, 
to a lesser extent, amino acids (AA) in the rumen and the hindgut of farm animals. Meth-
ane is produced in strictly anaerobic conditions by highly-specialized methanogenic prokar-
yotes, all of which are archaea. In ruminants, the vast majority of enteric CH4 production 
occurs in the reticulo-rumen. Rectal emissions account for about 2 to 3 percent of the total 
CH4 emissions in sheep or dairy cows, according to Murray et al. (1976) and Muñoz et al. 
(2012), respectively. Murray et al. (1976) estimated that of the 13 percent of total enteric 
CH4 produced in the hindgut of sheep, only about 11 percent is excreted through the anus 
with the remaining 89 percent being excreted through the lungs. 
3 See Lassey et al. (2001); Lassey (2007); McGinn et al. (2006); Pinares-Patiño and Clark (2008); Williams et al. 
(2011); Lassey et al. (2011); and Storm et al. (2012).
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 Figure 3 represents a simplified schematic of the main pathways of carbohydrate fer-
mentation and end-product formation in the rumen environment. The general stoichiometry 
of the reactions has been described by Van Soest (1994) as follows: 
 C6H12O6 (glucose) + NH3      microbes + CH4 + CO2 + VFA
Thus, the main products of microbial fermentation of carbohydrates are volatile fatty 
acids (VFA), CH4, and CO2. Alcohols and lactate are also formed during these processes, 
but it is generally recognized that they are relatively unimportant in the rumen (except in 
cases when lactate accumulates causing rumen acidosis). As stated by Van Soest (1994), 
the basic problem in anaerobic metabolism is the storage of oxygen (i.e. as CO2) and 
disposal of hydrogen (H2) equivalents (i.e. as CH4). Methane, formed from CO2 directly 
or through formate, is the most important “2H” sink (the ultimate acceptor of reducing 
equivalents from NADH+H+, FADH2, or reduced ferridoxin, commonly referred to as 2H 
because pairs of protons and electrons are donated and accepted in metabolic reactions) 
in the rumen:
 
 HCOOH + 6H      CH4 + 2H2O or CO2 + 8H      CH4 + 2H2O
Although CH4 can be produced from VFA and alternative sinks for H2 do exist in other 
environments (acetogenesis, for example), these processes appear to be of little signifi-
cance in the rumen (Russell and Wallace, 1997). As shown in Figure 3, the major VFA 
(acetate, propionate and butyrate) produce various amounts of H2 with propionate being a 
2H sink and thereby decreasing the overall amount of 2H available to reduce CO2 to CH4. 
Propionate can be formed by two different pathways, succinate and acrylate, involving 
different bacteria, with the succinate pathway considered of primary importance in the 
rumen (Russell and Wallace, 1997). 
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Recently, a new group of methylotrophic methanogens (the so-called rumen cluster-C) 
that does not require hydrogen as an energy source has been described and appears to 
play a role in CH4 formation in ruminants (Poulsen et al., 2012).  The relative role of these 
archaea in CH4 emissions has yet to be confirmed but this is an important development 
that may explain the lack of relationship between observed reduction in CH4 production 
and abundance of traditional rumen hydrogenotrophic methanogens (see, for example, 
Karnati et al., 2009; Tekippe et al., 2011). However, the relative importance of the acrylate 
pathway in propionate formation may increase in high-concentrate diets. Valerate, a minor 
VFA resulting from carbohydrate metabolism, can also be a net sink for reducing equiva-
lents (Russell and Wallace, 1997), but owing to its minor nature, this pathway only results 
in a slight decline in H2 production. The other two minor VFA in the rumen, isobutyrate 
and isovalerate, originate from the metabolism of branched-chain AA (valine and leucine, 
respectively), resulting in formation of CO2 and NH3 (Van Soest, 1994). 
As argued by Wolin (1960), a theoretical fermentation balance for a given molar dis-
tribution of fermentation acids can be developed. In this development, major assumptions 
include 1) that the only fermentation products are acetate, propionate, butyrate, CO2 and 
CH4; and 2) that all fermentation products are formed from plant carbohydrates with the 
monomer formula C6H12O6 (glucose). 
The oxidation state of the substrate (the number of oxygen atoms per molecule, minus 
half of the number of H atoms per molecule) has to be equal to that of the products. Thus 
(in the following equations, all fermentation products are expressed in moles):
 2 CO2 – 2 CH4 + 0 acetate – 1 propionate – 2 butyrate = 0 glucose
As all CH4 must arise at the expense of CO2, which is a product of the formation of 
acetate and butyrate:
 CH4 + CO2 = acetate + 2 butyrate
After rearranging the above equations, the moles of CO2 and CH4 are:
 CO2 = 0.5 acetate + 0.25 propionate + 1.5 butyrate
 CH4 = acetate + 2 butyrate – CO2
Stoichiometrically, 1 mol of acetate may arise from the fermentation of 0.5 mol of glu-
cose. Similarly, 1 mol of propionate may arise from 0.5 mol of glucose, whereas 1 mol of 
butyrate may arise from 1 mol of glucose. Hence the amount of glucose (moles) fermented is:
 C6H12O6 = 0.5 acetate + 0.5 propionate + butyrate
Assuming VFA molar proportions of 0.65 (acetate), 0.20 (propionate) and 0.15 
(butyrate), based on the above equations 1 mol of total VFA arises from fermentation of 
0.575 moles of glucose and is associated with 0.60 moles of CO2 and 0.35 moles of CH4. 
In other words, in this example 1 mol of glucose yields 0.61 moles of CH4.
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It is important to point out that the above stoichiometric balance is valid only under two 
general assumptions (paraphrased from Van Soest, 1994 and based on Wolin, 1960): (1) 
that all excess H2 appears as CH4, which excludes alternative sinks coming naturally with 
the feed or added to the diet for mitigation purposes, and that no H2 accumulates and 
is expired; and (2) that microbial growth, which may provide an alternative sink for H2 in 
microbial protein and lipids, is not considered. 
Janssen (2010) estimated that the amount of CH4 formed from fermentation of glucose 
in the rumen can vary from 0 (0.67 acetate + 1.33 propionate; no net H2 production) to 
1 (2 acetate + 4 H2) mol CH4/mol glucose. Janssen (2010) concluded that CH4 production 
in the rumen depends on the amount of H2 formed and thus on the relative activities of 
various microbial species involved in fermentation pathways responsible for H2 production. 
According to this author, H2 concentration in the rumen can influence which pathways are 
active, thus positioning H2 as a central regulator of pathway selection in the rumen. 
The Janssen (2010) model needs to be extended when using nitrates or other elec-
tron competitors. Since sulphates present potential issues with H2S production (Uwituze 
et al., 2011), nitrates are discussed as a more promising additive. In an experiment by 
van Zijderveld et al. (2011b), cows were put into respiration chambers to measure gas 
production in real time, after stepwise adapting cows to nitrates to prevent nitrite accu-
mulation. The first measurement, one hour after feeding, already showed much greater 
H2 production for cows fed nitrate than those fed urea. Production of H2 stayed lower for 
the next hour and then started rising to mirror CH4 production, which reached the same 
amount as those in cows fed urea within six to eight hours.
Source: simplified from Van Soest, 1994 and Russell and Wallace, 1997.
FiguRe 3
Carbohydrate metabolism in the rumen
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Wollinella succinogenes and other bacteria anaerobically respire nitrate using H2 more 
thermodynamically favourably than methanogens (Morgavi et al., 2010). Presumably these 
bacteria would consume aqueous-phase H2 concentration ([H2](aq))  in competition with 
methanogens to divert it away from methanogenesis until the nitrate is depleted. However, 
W. succinogenes apparently has a Km (Michaelis-Menten constant) for H2 that is two to four 
times higher than methanogens (Asanuma et al., 1999). Thus, enough nitrate needs to 
be added to overcome the affinity disadvantage. The dissolved H2 would still be removed, 
whether by methanogens or nitrate reducers, so presumably acetate production could be 
maintained even when methanogenesis is decreased. Looking at the thermodynamics of 
acetate versus propionate production or measuring H2 accumulation (van Zijderveld et al., 
2011b) would therefore presumably not explain VFA stoichiometry as well as if [H2] (aq) had 
been measured. Because H2 entry into fermentative microbes is limited unless dicarboxylic 
acids are added (Martin, 1998), propionate production does not offer direct competition 
for H2 already in the liquid phase (Janssen, 2010). Van Zijderveld et al. (2011b) demon-
strated that the additional energy lost in H2 production for the nitrate diet was minor and 
represented only 3.6 percent of the observed CH4 decrease. Overall, the Janssen (2010) 
model needs further development to represent the dynamics of H2 and CH4 production and 
utilization when electron acceptors such as nitrate are applied.
The enteric CH4 mitigation dataset generated for this document was divided into the 
following categories: Feed supplements (inhibitors, electron receptors, ionophores, plant 
bioactive compounds, dietary lipids, exogenous enzymes, direct-fed microbials, defauna-
tion, and manipulation of rumen archaea and bacteria) and Feeds and feeding manage-
ment (effect of feed intake, concentrate inclusion, forage quality and management, feed 
processing, mixed rations and feeding frequency, precision feeding and feed analyses, 
and mitigation options for production systems based on low-quality feeds). A summary of 
enteric CH4 mitigation practices is presented in Table A1 (see Appendix 2).
Feed supplements 
Inhibitors
Research in this area has targeted chemical compounds with a specific inhibitory effect on 
rumen archaea. Among the most successful compounds tested in vivo were bromochlo-
romethane (BCM), 2-bromo-ethane sulfonate (BES), chloroform and cyclodextrin. These 
CH4 inhibitors statistically reduced CH4 production by up to 50 percent in vivo (in sheep/
goat and cattle). Examples are BCM/BES (Mitsumori et al.,2011 and Immig et al., 1996); 
chloroform (Knight et al., 2011); cyclodextrin (Lila et al., 2004). 
Earlier, Johnson et al. (1972) fed steers BCM [at about 1.1 g/100 kg body weight (BW)/
day] and found no effect on feed intake, average daily gain (ADG) or digestibility (the 
design of the trial was a Latin square), but they reported a dramatic decrease in CH4 con-
centration in rumen gas: from undetectable CH4 three hours after treatment, to 50 percent 
inhibition at 15 hours and no inhibition at 24 hours. Sawyer et al. (1974) fed growing lambs 
0, 1.5 and 3.0 mg BCM/kg BW/day for 105 days and found no effect of treatment on feed 
intake and growth rate. In a parallel trial with wethers, the authors reported an 85 percent 
decrease in CH4 production and no effect of BCM on digestibility or molar VFA proportions 
in ruminal fluid. 
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More recent reports also indicated that BCM may be an effective CH4 inhibitor in vivo. 
In a series of experiments with Brahman cross steers, Tomkins et al. (2009) observed an up 
to 93 percent decrease in CH4 production with BCM fed at 0.3 g/100 kg BW. In a follow-up 
experiment, the same dose of BCM decreased CH4 production by about 50 percent, even 
at day 90 of the trial. There were no differences due to treatment in ADG, feed intake, 
feed efficiency and carcass quality, but BCM residues in tissues were not elevated. Although 
BCM has been banned since 2002 due to its ozone-depleting effect, the authors pointed 
out that their results may trigger interest in other compounds having a mode of action that 
is similar to that of BCM. 
Another more recent study with goats receiving 0.3 g BCM/100 kg BW for 10 weeks 
(Abecia et al., 2012) reported a 33 percent reduction in CH4 production per unit of dry mat-
ter intake (DMI) and increased molar proportion of rumen propionate by close to 40 percent. 
These authors observed a striking 36 percent increase in milk production with no statistical 
difference in DMI. While some studies have suggested adaptation of the rumen ecosystem 
to this class of compounds (for example, Johnson et al.,1972 and Immig et al., 1996), the 
effect (of BCM) appeared to persist in the studies by Sawyer et al. (1974), Tomkins et al. 
(2009), and Abecia et al. (2012). 
Recent data by Knight et al. (2011) showed an immediate and dramatic drop in rumen 
CH4 production in dry cows treated with chloroform. The effect appeared to persist for up to 
42 days, although CH4 production gradually increased to about 62 percent of the pre-treat-
ment levels by day 42, suggesting adaptation to chloroform by the rumen ecosystem. 
In conclusion, CH4 inhibitors – specifically BCM and chloroform – are effective CH4 
inhibitors. It is apparent that a banned compound, such as BCM, cannot be recommended 
as a CH4 mitigating agent, but compounds with similar mode of action may be developed. 
The long-term effect of CH4 inhibitors is uncertain and more data are needed to establish 
their overall production effects. In addition, public acceptance (due to perception and/or 
existing or future regulations, or because they are known carcinogens, e.g. chloroform) 
could be barriers to adoption. Nevertheless, research groups around the world are working 
on developing natural or synthetic compounds that directly inhibit rumen methanogenesis 
and breakthroughs in the near future are possible.
Our conclusion is that bromochloromethane might be an effective enteric CH4 inhibitor but, as 
an ozone-depleting compound and due to its poor acceptability in many countries, it cannot be 
directly used as a CH4 mitigating agent. There are no sufficient long-term in vivo data for any 
other compound from this category as a CH4 mitigating agent. 
Electron receptors
This category of CH4 mitigating agents has recently received renewed attention. Among 
these, fumarate, nitrates, sulphates and nitroethane (Gutierrez-Banuelos et al., 2007; 
Brown et al., 2011) have been studied the most. Leng (2008) provided a comprehensive 
review of the earlier literature on nitrates. More recent research with sheep (Sar et al., 
2004; Nolan et al., 2010; van Zijderveld et al., 2010) and cattle (van Zijderveld et al., 
2011a,b; Hulshof et al., 2012) has shown promising results with nitrates decreasing enteric 
CH4 production by up to 50 percent. 
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Potential issues with these compounds include adaptation of the ruminal ecosystem, 
which, with perhaps one exception where nitrate persistently decreased CH4 production 
from lactating dairy cows during four successive 24-day periods (van Zijderveld et al., 2011b), 
has not been studied in long-term animal experiments. Additional issues with nitrates include 
potential increase in NH3 production and potential toxicity from intermediate products 
(nitrite). The toxicity issue has been addressed in detail by Leng (2008). This author concluded 
that nitrite production from nitrate in the rumen may be prevented by feeding management. 
In his review, Leng (2008) also emphasized the critical importance of gradual adaptation 
of the animal to nitrate and that low-protein diets are the natural background for success-
ful utilization of nitrates as a CH4 mitigating tool. The rumen ecosystem clearly has to adapt 
to dietary nitrates and acquire the ability to reduce nitrates rapidly to NH3. This is evident 
by the gradual and marked increase in nitrate reducing bacteria activity following introduc-
tion of nitrate in the diet and the presence of distinct microbial groups in nitrate-adapted 
animals (Allison and Reddy, 1984). Therefore, in the studies of Nolan et al. (2010), van 
Zijderveld et al. (2010; 2011a,b), and Hulshof et al. (2012), nitrate was gradually introduced 
in the diet to allow adaptation, and no health problems occurred. 
Leng (2008) also pointed out that sulphur may interact with nitrate metabolism in 
the rumen and discussed the potential role of molybdenum and alternative ways of sup-
plementing ruminant diets with nitrate (through licking blocks or replacing liquefied NH3 
and urea as straw treatment). Urea-molasses multinutrient blocks are designed to provide 
urea, mixtures of minerals, and in some cases slowly degradable protein to animals in 
rangeland conditions (Sansoucy et al., 1988). If nitrates replace urea in such molasses 
blocks, access to the blocks should be limited so that nitrate intake does not poison 
the animal. Intake of feed additives through licking blocks or liquid supplements can be 
extremely variable and this variability has to be considered when including potentially 
toxic substances such as nitrates. Cockwill et al. (2000) showed, for example, that intake 
of protein-molasses blocks by beef cows on pasture was on average 445 g/day, but varied 
from 0 to 1,650 g/day (SEM4 = 438 g/day). 
It is important to recognize that the adaptability of the rumen ecosystem to reduce 
nitrate may be short-lived after nitrate withdrawal from the diet. Alaboudi and Jones (1985) 
demonstrated that nitrate reducing activities of ruminal fluid of sheep acclimatized to 
nitrate at 2.5 g/kg BW/day dropped to their initial levels within three weeks after the KNO3 
supplement was withdrawn. This may be a critical safety issue and may prevent application 
of this mitigation strategy by smallholders in developing countries where feed availability 
and diets constantly change.
Nitrate level in the basal diet has to also be considered when supplemental nitrate is fed. 
Leng (2008) summarized data from Faulkner and Hutjens (1989) showing that some for-
ages can have nitrate levels as high as 2.6 (corn silage) to 2.9 percent (green-chop sudan-
grass). At 2 percent of dietary dry matter (DM) and, for example, 25 percent inclusion of 
corn silage in the diet of a dairy cow consuming 25 kg DM/day, nitrate from the silage may 
be as high as 125 g/day. Nitrate levels in forages and pasture depends on N fertilizer appli-
cation rates. As shown by Lovett et al. (2004), for each 1 percent increase in CP (from 13 
to 23 percent) in perennial ryegrass from N fertilization, nitrate in forage increased linearly 
4 SEM = standard error of the mean.
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by 0.035 g/kg DM, which further emphasizes the importance of accounting for the nitrate 
supplied by the basal diet. These data indicate that: (1) ruminants are naturally exposed to 
nitrate through their feed (Leng, 2008) and (2) nitrate supplied by the basal diet must be 
considered when supplementing nitrate for CH4 mitigation purposes. 
Nitrous oxide production in the gut is negligible. Earlier studies reported only traces 
of N2O in the rumen as a product of nitrate reduction (Kaspar and Tiedje, 1981). These 
authors reported that up to 0.3 percent of the N added as nitrite accumulated as N2O, 
without being further reduced. Based on these in vitro studies, the authors concluded that 
rumen N2O was a by-product of dissimilatory nitrite reduction to ammonium rather than a 
product of denitrification and that the latter process is absent from the rumen. Indeed, con-
centration of N2O in the rumen headspace of lactating dairy cows was about ×103 lower 
than that of CH4 (Hristov et al., 2010b; 2011b). One study reported average daily emission 
of N2O from dry Holstein cows housed in flow-through type metabolic chambers at 10.0 
mg N2O-N (Kurihara et al., 2009). Based on data from their experiments, these authors 
calculated daily and yearly N2O emissions from cattle at 5.2 ± 4.15 mg and 2.64 ± 1.65 g 
N2O-N/per animal, respectively. Whether dietary nitrate supplementation can affect enteric 
N2O emission in any significant way is unclear and needs to be investigated. 
Adding sulphate to the diet of sheep reduced CH4 production, and when both nitrate 
and sulphate were added, the effects of both products on CH4 production was additive 
(van Zijderveld et al., 2010). The potential effects of supplemental sulphate on animal 
health are also unclear. High inclusion of distiller’s grains in feedlot diets in the United States 
has triggered intensive research on the effect of high-sulphur diets (also in combination 
with high-sulphur drinking water) on the occurrence of sulphur-induced polioencephalo-
malacia (Gould, 2000; Cammack et al., 2010; Schoonmaker and Beitz, 2012), caused by 
excessive production of H2S in the rumen. 
The mitigation potential of electron receptors, specifically nitrates, has to be further 
explored, particularly in low-protein diets, where the rumen bacteria may benefit from a 
non-protein N (NPN) source following an essential adaptation period. Such a strategy may 
be particularly attractive in developing countries where forages contain negligible nitrate 
and insufficient CP for maintaining animal production. It has to be noted that ruminal 
microbial synthesis is enhanced by peptide and AA N (Russell et al., 1992) and excessive 
amounts of NPN in the diet may negatively impact production or merely displace blood 
urea-N transfer in some dietary situations. Low total dietary N in the basal diet may be 
an important condition for a successful nitrate application so that enteric CH4 mitigation 
is not offset by increased N2O emissions from soil application of manure or a potential 
increase in rumen N2O formation. Some loss of supplemental nitrate with urine is expect-
ed (Takahashi et al., 1998), but its effect on total urinary N losses is unclear. In one study, 
nitrate supplementation did not increase volatile N losses from manure (Van Zijderveld et 
al., 2011b), although the control diet was supplemented with urea and urine and faeces 
were not separated. 
Fumaric and malic acids have also been studied extensively as alternative H2 sinks in the 
rumen5. Their mitigating potential has been questioned (Ungerfeld et al., 2007) because 
it is generally lower than that of nitrates and results have been inconsistent. In a number 
5 See Bayaru et al., (2001); Molano et al., (2008); Foley et al., (2009); and Van Zijderveld et al., (2011c).
Mitigation of greenhouse gas emissions in livestock production18
of experiments, fumarate addition did not significantly affect enteric CH4 production6. In 
some cases, feed intake was decreased (Foley et al., 2009), which would inevitably have 
a negative impact on animal productivity and Ei. In a short-term study with lactating dairy 
cows on high-digestibility pasture, Kolver and Aspin (2006) did not find any effect on feed 
intake, milk solids (fat and protein) output or enteric CH4 production of a relatively high 
dose of fumarate (5 percent of dietary DM). Similarly, Molano et al. (2008) did not report 
any reduction in CH4 emissions/kg DMI when up to 10 percent fumaric acid was added to 
the diet of sheep. 
One study investigated the effect of 10 percent (dietary DM basis) fumarate in a free or 
rumen-protected (to avoid negative effect on rumen pH) form on CH4 production in a rela-
tively long-term (43 days) study with lambs (Wood et al., 2009). Using the tunnel technique 
to measure CH4, the authors reported a 76 percent decrease in enteric CH4 production with 
the encapsulated product with no effect on feed intake or the overall ADG. Because this 
dramatic CH4-mitigating effect could not be explained by fermentation stoichiometry (the 
reduction was 2–2.5 times higher than based on the theoretical stoichiometric maximum), 
the authors discussed a possible adaptation of the rumen microbial community. Data were 
quite variable such that a 20 percent difference (n = 4) in ADG between the two fumarate 
products was not statistically significant. With the exception of this study, the long-term 
effects of these compounds have not been established over a variety of feeding conditions. 
Encapsulated fumarate did not produce any effect on enteric CH4 in grazing dairy heifers 
in an earlier study by McCourt et al. (2008). Being organic acids, fumarate and malate are 
considered safe to feed. 
Overall, nitrates may be promising enteric CH4 mitigation agents, particularly in low-protein 
diets that may benefit from NPN supplementation. When nitrates are used, it is critically 
important that the animals are properly adapted to avoid nitrite toxicity. More in vivo studies 
are needed to fully understand the impact of nitrate supplementation on whole-farm GHG 
emissions (animal, manure storage and manure-amended soil), animal production and animal 
health. Fumaric and malic acids may reduce CH4 production when applied in large quantities, 
but most results indicate no mitigating effect. The long-term effects of these compounds have 
not been established and cost is likely to prohibit their applicability.
Ionophores
Monensin has been the most studied ionophore and is routinely used in beef production 
and more recently in dairy cattle nutrition in North America. Ionophores are banned in the 
European Union even though there is no evidence of genes coding for their resistance as 
there are with other feed-administered antibiotics (Russell and Houlihan, 2003). 
There have been a number of experiments with monensin as a rumen modifier in various 
production systems, where enteric CH4 production was studied as a main objective either 
from a mitigation or from an energy loss perspective7. Although some studies reported a 
long-term mitigating effect of monensin on CH4 production (Odongo et al., 2007), overall, 
6 See McGinn et al. (2004); Beauchemin and McGinn (2006); Kolver and Aspin (2006); McCourt et al. (2008); 
and Van Zijderveld et al. (2011c).
7 See Sauer et al. (1998); Van Vugt et al. (2005); Waghorn et al. (2008); and Grainger et al. (2010a).
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the effect of the ionophore appears to be inconsistent. In a meta-analysis of 22 controlled 
studies, monensin (given at 32 mg/kg DM) reduced CH4 emissions and CH4 conversion rate 
(Ym8) in beef steers fed total mixed rations by 19 ± 4 g/animal per d (P < 0.001) and 0.33 
± 16% (P = 0.047), respectively (Appuhamy et al., 2013). The corresponding reductions in 
dairy cows were 6 ± 3 g/animal per d (P = 0.065) and 0.23 ± 14% (P = 0.095) for mon-
ensin given at a dose of 21 mg/kg DM. Overall, the conclusion of this analysis was that 
monensin had stronger anti-methanogenic effect in beef steers than dairy cows, but the 
effects in dairy cows can potentially be improved by dietary modifications and increasing 
monensin dose. 
Meta-analyses have shown monensin to produce improvement in feed efficiency in feed-
lot cattle (by 7.5 percent; Goodrich et al., 1984), growing cattle on pasture (by 15 percent; 
Potter et al., 1986), and dairy cows (by 2.5 percent; Duffield et al., 2008), which may lead to 
reduced enteric CH4 Ei. Moreover, another meta-analysis has also shown a consistent decrease 
in acetate:propionate (Ac:Pr) ratio with monensin addition in high grain diets fed to beef 
cattle (Ellis et al., 2012b), which may lead to a reduction in CH4 emission per unit of feed. 
Our conclusion is that ionophores, through their effect on feed efficiency and reduction in CH4 
per unit of feed, would likely have a moderate CH4 mitigating effect in ruminants fed high grain 
or mixed grain-forage diets. The effect is dose-, feed intake-, and diet composition dependent. 
The effect is less consistent in ruminants that are mainly fed pasture.
Plant bioactive compounds (PBAC)
This category includes a variety of plant secondary compounds, specifically tannins, sapon-
ins, and essential oils and their active ingredients. 
Tannins and saponins have been extensively studied and show the most promise for 
mitigating potential within this category. Tannins as feed supplements or as tanniferous 
plants have often, but not always (Beauchemin et al., 2007a), shown a potential for reduc-
ing enteric CH4 emission by up to 20 percent8. Condensed (and hydrolyzable) tannins are 
widely distributed in browse and warm climate forages and are usually considered anti-nu-
tritional, although they can have good potential to reduce intestinal nematode numbers 
and allow acceptable production in the presence of a parasite burden (Niezen et al., 1995, 
1998a,b; Terrill et al., 1992). 
Tannins will inevitably be anti-nutritional when dietary CP concentrations are limiting 
production because they reduce absorption of AA (Waghorn, 2008). Structure, molecular 
weight and concentration of condensed tannins affect the nutritive value of the diet, and it 
is important that benefits of reduced CH4 yields do not overshadow any detrimental effects 
of tannins on digestion and production, as observed by Grainger et al. (2009a) with dairy 
cows on pasture supplemented with grain. In this latter study, CH4 emission was reduced by 
up to 30 percent, but milk production of the cows was also reduced by about 10 percent. 
There has been extensive research into polyphenolic compounds, especially condensed 
tannins, in temperate forages under the European Union-supported “Healthy hay” and 
Marie Curie LegumePlus programmes (http://sainfoin.eu/), but yield of temperate and trop-
8 See Woodward et al. (2001); Sliwinski et al. (2002); Waghorn et al. (2002); Zhou et al. (2011a); and Staerfl 
et al. (2012).
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ical tanniferous legumes is usually less than that of corresponding grasses, and agronomic 
properties often restrict their use. Nevertheless, nutritional and animal health (anthelmintic, 
bloat safe) benefits of tannin ingestion coinciding with reductions in methanogenesis and 
especially N2O emissions, and the absence of N requirements for plant growth (most are 
legumes) makes these plants attractive for environmentally sustainable ruminant production. 
A recent report by Verdier et al. (2012) indicated successful expression of a key regu-
lator of the production of proanthocyanidins (i.e. one form of condensed tannin), MtPAR 
(Medicago truncatula proanthocyanidin regulator), in alfalfa resulting in detectable levels 
of proanthocyanidin in shoots. This suggests a possible pathway to the production of con-
densed tannins in this popular forage legume.
A meta-analysis of in vivo experiments with tannins by Jayanegara et al. (2012) reported 
a relatively close relationship between dietary tannin concentration and CH4 production per 
unit of digestible OM. These authors, however, reported a trend (P = 0.08) for decreased 
feed intake and a statistically significant decrease in digestibility, particularly CP, with 
increasing dietary tannin concentration (a 0.16 percent decrease per g/kg DM extra tannin 
in the diet) but also for NDF with a 0.11 percent decrease per g/kg DM extra tannin in the 
diet. Results from a meta-analysis of C3 vs C4 grasses and warm and cold climate legumes 
by Archimède et al. (2011) concluded that CH4 production was lower for animals fed high 
tannin legumes compared with animals fed low tannin legumes (37.2 vs 52.2 L CH4/kg 
digestible OM intake). In studies with good quality diets containing condensed tannin with 
low astringency (Waghorn, 2008), feed intake and animal performance have not been 
negatively affected. 
Reduced digestibility of diets containing condensed tannin is almost universal 
(Waghorn, 2008; Patra, 2010) and is unavoidable if urinary N loss is reduced because the 
dietary N is diverted to faeces (reducing apparent CP and OM digestibilities). This is an 
important factor that must be considered when feeding supplemental tannins or tannif-
erous plants, but relationships with digestion are affected by the type of tannin and the 
composition of the diet. In addition, the C fraction of condensed tannin is excreted in the 
faeces (Terrill et al., 1994), so high concentrations of indigestible tannin in diets further 
limit digestible OM available to the animal.
There is enough evidence that tannins decrease silage NPN9, but it is unclear if this 
reduction can have any measurable effects on dietary protein utilization and animal produc-
tivity. In some cases, animal production has been increased with inclusion of large propor-
tion of tanniferous plants in the diet, even though total tract N digestibility was decreased. 
Inclusion of 60 percent birdsfoot trefoil (Lotus corniculatus) silage containing from 8 to 16 
g/kg condensed tannins in the diet of lactating dairy cows increased milk yield (by about 3 to 
4.5 kg/day compared with the control alfalfa silage), even though DMI was similar to the con-
trol and digestibility of fibre and CP were decreased (Hymes-Fecht et al., 2013). The authors 
claimed better protein utilization with the birdsfoot trefoil silages, but the alfalfa silage 
diet contained higher CP and dietary protein was likely not limiting in this study because 
all diets contained about 17 percent CP. Research from the same group (Broderick et al., 
2012) reported no statistically significant effect of low-, medium- or high-tannin birdsfoot 
9 See Albrecht and Muck (1991); Broderick and Albrecht (1997); Tabacco et al. (2006); and Colombini et al. 
(2009). 
Mitigation practices 21
trefoil silage on milk production of dairy cows. Feed efficiency and energy-corrected milk 
(ECM) feed efficiency in this study were decreased by the birdsfoot trefoil silages compared 
with alfalfa silage. 
Tanniferous forages can have beneficial effects on silage quality and ruminant produc-
tivity and health (improved protein supply, bloat safety and antiparasitic properties; Brod-
erick, 1995; McMahon et al. 2000; Frutos et al., 2004). Discussion of tanniferous forages 
as cattle feed must, however, involve the agronomic characteristics of these species. In the 
case of birdsfoot trefoil, DM yields will most likely be inferior compared with alfalfa.
Chapman et al. (2008) investigated alternative forages for wild ruminants in western 
Canada and concluded that alfalfa had higher plant height, DM yields and CP concen-
trations, resulting in CP yields nearly double that of the other forages tested, including 
birdsfoot trefoil. Alfalfa also showed superior over-winter persistence, while birdsfoot 
trefoil stands exhibited poor competitiveness in the year of establishment. Alfalfa is called 
the “Queen of forages” not by accident and can be rarely outperformed in yield trials by 
any other forage species. Yields of alfalfa were higher than any other forage, including red 
clover and birdsfoot trefoil in trials in Wisconsin10, New York11 and Pennsylvania12 in the 
United States. Birdsfoot trefoil, however, may have an advantage over alfalfa on soils of 
marginal fertility and production capabilities, and its excellent grazing potential and bloat-
free advantages make it suitable forage for grazing systems13.
An intensive interdisciplinary project investigated plant management, feed palatability 
and the antiparasitic properties, particularly useful for organic farming, of tanniferous for-
age (Häring et al., 2008). These authors reported that sainfoin (Onobrychis viciifolia), birds-
foot trefoil and chicory (Cichorium intybus) were suitable for cultivation under the given 
10 Source: http://www.uwex.edu/ces/forage; accessed on 7 July 2012.
11 Source: http://plbrgen.cals.cornell.edu/cals/pbg/programs/dayepartmental/forage/foragetest.cfm; accessed on 7 
July 2012.
12 Source: http://pubs.cas.psu.edu/FreePubs/pdfs/uc068.pdf; accessed on 7 July 2012.
13 Source: http://pubs.cas.psu.edu/freepubs/pdfs/uc087.pdf; accessed on 7 July 2012.
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temperate and climatic conditions of the particular area in Switzerland where the study was 
conducted, while big trefoil (Lotus pedunculatus) was outdone by unsown species. Dry mat-
ter yields increased when the tanniferous species were grown in a mixture with meadow 
fescue (Festuca pratensis). In this case, however, the tannin concentrations of the mixtures 
were lower due to a dilution effect. The study reported that palatability of the tanniferous 
forages was comparable to that of a ryegrass/clover mixture when fed as hay or silage, 
with the palatability of O. viciifolia being superior to that of the ryegrass/clover mixture. The 
authors concluded that O. viciifolia was a promising forage plant species due to its suitabil-
ity for cultivation, high tannin concentration, high palatability and its antiparasitic activity.
Interestingly, in some studies protein degradation of tanniferous forages (38 sainfoin 
accessions measured in a short-term inhibitor in vitro system) could not be explained by any 
of the tannin assays (Lorenz et al., 2012), further emphasizing the need for accurate tannin 
assays (Makkar, 2003). Degradation of plant tannins during ensiling of the plant, although 
not supported by sufficient research (Theodoridou et al., 2012), might represent another 
issue with tanniferous forages. Oliveira et al. (2009), for example, reported condensed 
tannin concentration in silage from a high-tannin sorghum hybrid to be about 17 percent 
of that in the original forage (1.0 vs 5.9 g/kg DM). A recent study by Zhang et al. (2012) 
reported that tannins in Leucaena leucocephala were rapidly degraded during ensiling to 
about 40 percent of the initial concentration within 30 days of ensiling. Similar results were 
reported for high-moisture sorghum grain (Torterolo et al., 2012). 
One characteristic of research involving effects of tannins on animal digestion and 
productivity is the variation in responses among studies. Some of the variation may be 
explained by the type, concentration and protein binding capacity of the tannins and con-
centration of dietary CP (Jayanegara et al., 2009); other causes of inconsistencies include 
variable techniques to measure the tannin concentration (Makkar, 2003) and failure to 
distinguish between condensed and hydrolyzable tannins (Mueller-Harvey, 2006) and the 
level of intake expected or required for optimal production. Condensed tannins can reduce 
the rate of digestion (Makkar et al., 1995), but this will have little effect on animals fed at 
the maintenance level of intake because the rumen can accommodate more feed; however, 
in a lactating animal, production can be reduced because of bulk fill limitations on feed 
intake (Grainger et al., 2009a).
We are not aware of any comparisons of efficacy between tannin as a component of 
feed and a dietary supplement, but Waghorn and Jones (1989) demonstrated that con-
densed tannin from one plant bound with proteins in another and affected their digestion, 
and both plant and supplemented extracts seem efficacious. An important consideration 
may be the emissions cost of extracting tannins from plants (e.g. from Accacia mearnsii) for 
use as additives compared with that present in plants and use of the plants for enteric CH4 
mitigation. In pasture-based systems, producers will be mostly interested in the suitability 
of tanniferous forages for their production system. However, plants expressing condensed 
tannin in the foliage (e.g. Lotus spp.) are less productive in fertile situations than are com-
parable temperate species (Waghorn, 2008). 
In monogastric species, feeds containing tannins can reduce nutrient, particularly N, 
digestibility. Legume seeds, such as peas and beans, contain antinutritional factors and usu-
ally have lower N digestibility than soybeans in monogastric species (Gatel, 1994). An exam-
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ple of the effect of tannin content in field beans (Vicia faba L.) on N and AA digestibility in 
piglets is the study by Jansman et al. (1993). These authors fed field beans (at 30 percent 
inclusion rate) with low (0.6 g/kg) vs high (1.2 to 1.6 g/kg) condensed tannin content. Small 
intestinal and total tract N digestibility was decreased with all high-tannin varieties as com-
pared with a low-tannin variety. Digestibility of individual AA was also decreased by 8 to 18 
percent-units. An even more drastic decrease in N digestibility was reported for young chicks 
fed two tannin varieties of faba beans (Vicia faba) compared with a tannin-free variety (83 vs 
68 percent, respectively) (Lacassagne et al., 1988). Thus, tannins, supplemented through the 
diet, are undesirable for monogastric species, particularly when low-protein diets are fed. 
A recent extensive review of the effect of saponins and tannins on CH4 production 
in ruminants examined mostly in vivo studies with both PBAC (Goel and Makkar, 2012). 
The authors concluded that the risk of impaired rumen function and animal productivity 
with tannins is greater than with saponins and, for decreasing enteric CH4 production, the 
concentration range for tannins is narrower than for saponins. In some dietary situations, 
however, decreased protein degradability in the rumen, combined with a shift in protein 
digestion to the small intestine, may be beneficial even if there is a decreased supply of 
digestible ruminally-undegradable protein (RUP). Such a shift may also have the benefit of 
reducing urinary N losses (vs faecal N losses). 
According to Goel and Makkar (2012), the antimethanogenic effect of tannins depends 
on the application rate and is positively related to the number of hydroxyl groups in their 
structure. Overall, these authors concluded that hydrolyzable tannins tend to act by direct-
ly inhibiting rumen methanogens, while the effect of condensed tannins on rumen CH4 
production is more through inhibition of fibre digestion. They also pointed out that more 
animal research is needed with these compounds to establish their antimethanogenic 
effect. Methods for quantification of hydrolyzable tannins have also now become available 
(Makkar, 2003). It should be noted that hydrolyzable tannins are hydrolyzed in the rumen 
and some hydrolyzable tannins could be toxic (Lowry et al., 1996; McSweeney et al., 2003).
As with other CH4 mitigating agents, the long-term effects of tannins and saponins 
have not been established. In addition, as indicated by Goel and Makkar (2012), a sub-
stantial reduction in CH4 emission with these compounds, particularly tannins, would be 
difficult without compromising animal production. The study by Grainger et al. (2009a) is 
a good example of how digestibility, feed intake and ultimately production (and milk fat 
and protein yields) may be negatively affected if tannins (condensed in this case) are over-
dosed. These authors treated dairy cows for up to five weeks with two levels of condensed 
tannins (163 and 326 g/day) and reported statistically significant decreases in absolute CH4 
production with the tannin treatments, but no effect when CH4 production was expressed 
per unit of fat and protein-corrected milk. 
A more recent study with goats reported that a diet containing 5.6 g/kg DM tannins 
(both hydrolyzable and condensed) reduced the Ym factor from 7.9 (control) to 6.0 percent 
of GEI, but OM digestibility was reduced by 10 percent-units, and CP digestibility by 14 
percent-units (Bhatta et al., 2012); CP digestibility was also reduced when diets containing 
a lower tannin concentration (2.8 g/kg DM) were fed. The effect of tannins is conditional 
on their composition (Waghorn, 2008; Goel and Makkar, 2012). As reported by Pellikaan 
et al. (2011b), in vitro gas and CH4 production depended on tannin characteristics, such 
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as type (condensed vs ellagitannins vs gallotannins), solubility, cis-trans configuration and 
browning rate. In this study, valonea and myrobalan tannins were most effective at reduc-
ing CH4 production, with only a minor impact on total gas production. 
Of the nine studies with saponins summarized by Goel and Makkar (2012), six reported 
decreased CH4, from about 6 to 27 percent (absolute production, or per unit of BW or 
DMI). In three of these studies, however, OM digestibility was decreased and in another 
three, digestibility was not reported. From this analysis, it appeared that there was no 
difference in the CH4-mitigation effect between steroidal saponins (Yucca schidigera) and 
triterpenoid saponins (Quillaja saponaria); Y. schidigera and Q. saponaria have been studied 
the most as sources of saponins because of their commercial availability. 
Studies from China have examined the CH4-mitigation effect of tea saponins (triterpe-
noid; Wang et al., 2012) on enteric CH4 production and animal performance. Hu et al. (2006) 
fed goats 0, 3 and 6 g/day tea saponins and observed an increase in feed intake and a conse-
quent increase in ADG with the 3 g/day dose. Wang et al. (2009) reported an approximately 
15 percent decrease in CH4 production by sheep fed 170 mg/day Y. schidigera extract. Mao 
et al. (2010) reported no effect of tea saponins (3 g/day) on ADG of lambs but a 28 percent 
decrease in CH4 production. In another study from the same group, Zhou et al. (2011a) 
reported a 6 to 10 percent mitigating effect of tea saponins on CH4 production in restrict-
ed-fed sheep. Another group, Sliwinski et al. (2002) reported no effect of saponins (Y. schid-
igera extract) at 2 and 30 mg/kg dietary DM on CH4 production in lambs. Yucca schidigera or 
Q. saponaria fed to dairy cows at 10 g/day had also no effect on milk production, total-tract 
nutrient digestibility, rumen fermentation or CH4 production in the study of Holtshausen et 
al. (2009). Similarly, 3 g yucca powder per kg diet DM fed to dairy cattle did not affect feed 
intake, milk production and composition, digestibility, energy balance or CH4 production in 
the study of Van Zijderveld et al. (2011c). Overall, with perhaps the exception of some data 
for tea saponins that require further validation, there is not enough evidence of consistent (or 
long-term) effect of saponins on enteric CH4 production or animal performance. 
A large number of in vitro experiments have investigated the CH4 mitigating poten-
tial of essential oils and their active ingredients (Calsamiglia et al., 2008; Bodas et al., 
2008; Benchaar et al., 2009). Unfortunately, very few have followed up the in vitro work 
with in vivo experiments. In most cases, these PBAC have not been successful as CH4 
mitigating agents (Beauchemin and McGinn, 2006; Benchaar et al., 2007; Van Zijderveld 
et al., 2011c). In their recent review on the topic, Benchaar and Greathead (2011) con-
cluded that some essential oils (e.g. garlic and its derivatives, and cinnamon) reduce CH4 
production in vitro. These compounds, however, have not been studied extensively in vivo, 
and there is no evidence that they can be used successfully to inhibit rumen methanogen-
esis. In some cases, as with Origanum vulgare leaves, the effect on CH4 mitigation was 
significant, and there was also a trend for increased milk production and feed efficiency 
in dairy cows (Tekippe et al., 2011; Hristov et al., 2013), but these results remain to be 
confirmed in long-term experiments. 
In conclusion, hydrolysable and condensed tannins are plant bioactive components that may 
offer an opportunity to reduce enteric CH4 production, although intake and animal production 
may be compromised. The agronomic characteristics of tanniferous forages must be considered 
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when they are discussed as a GHG mitigation option. Tea saponins seem to have potential, but 
more and long-term studies are required before they could be recommended for use. Most 
essential oils or their active ingredients do not reduce CH4 production and, when CH4 production 
was reduced in vivo, their long-tem effects were not established. 
Dietary lipids
There is a large body of evidence that lipids (vegetable oil or animal fat) suppress CH4 pro-
duction in the rumen. The effects of lipids on rumen archaea are not isolated from their 
overall suppressive effect on bacteria and protozoa. Several reviews have attempted to 
develop prediction factors for the effect of feed lipids on rumen CH4. Eugene et al. (2008) 
reported a 9 percent reduction in enteric CH4 production in dairy cows due to lipid supple-
mentation of the diet, but this was accompanied by a 6.4 percent reduction in DMI, which 
resulted in no difference in CH4 per unit of DMI. However, these authors also reported 
no effect on 4 percent fat-corrected milk (FCM) which, combined with the reduced DMI, 
resulted in a trend for increased feed efficiency with oil supplementation. Further, when 
calculated per unit of FCM, CH4 production decreased with lipid supplementation (0.82 vs 
0.75 MJ CH4 energy/kg 4-percent FCM; P = 0.04, n = 25). 
A more recent meta-analysis of 38 research papers reported a consistent decrease in 
DMI with all types of dietary fat examined (tallow, various calcium salts of FA, oilseeds, 
prilled fat), but milk production was increased (Rabiee et al., 2012). This combination of 
decreased DMI and maintained or increased milk production (assuming no decrease in milk 
fat) results in increased feed efficiency and, consequently, decreased enteric CH4 Ei. 
The greater inhibitory effect of unsaturated vs saturated FA on rumen microbial activity 
reported by Palmquist and Jenkins (1980) and Nagaraja et al. (1997) does not appear to 
apply to CH4 production in most studies, although a greater mitigating effect of polyunsatu-
rated FA was observed in the analysis by Doreau et al. (2011a). Biohydrogenation of unsatu-
rated FA can also serve as a H2 sink, but it has been suggested that only 1 to 2 percent of 
the metabolic H2 in the rumen is used for this purpose (Czerkawski and Clapperton, 1984). 
Beauchemin et al. (2007b) compared animal fat (tallow) and sunflower oil (about 48 
percent higher unsaturated FA concentration in the diet), both supplemented at 3.4 percent 
of dietary DM, and reported no effect on DM and NDF digestibilities, feed intake and ADG in 
cattle. Methane production was reduced by about 12 percent by both lipid sources and there 
was no effect of level of saturated FA. In another study from the same group (Beauchemin 
et al., 2009b), inclusion of crushed oilseeds in the diet of lactating cows at 9 to 10 percent 
of dietary DM (6.7 to 7.3 percent crude fat) decreased CH4 production per unit of FCM by 
about 15 percent. There appeared to be a slight advantage of the oilseed with higher con-
centration of 18:3 (flax) compared with 18:2, or monounsaturated FA (about a 10 percent 
difference in CH4 production). Two of the treatments dramatically reduced DM digestibility 
(10 to 20 percent), but this did not seem to affect feed intake or animal productivity. 
Van Zijderveld et al. (2011c) exchanged a rumen inert fat source (fractionated palm oil; 
mainly C16:0) isolipidically with extruded linseed (mainly C18:3) or with a mixture of C8:0 
and C10:0 FA. They reported no effect on DMI, milk production, NDF digestibility or CH4 
production (expressed in g/day, g/kg DMI, g/kg milk or percentage of GEI) indicating that 
these different FA sources did not differ in their CH4 mitigating effect. 
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Recent meta-analyses by Moate et al. (2011) and Grainger and Beauchemin (2011) 
found a consistent decrease in CH4 production with fat supplementation. Moate et al. 
(2011) reported the following relationship between dietary fat and CH4 production per 
unit of DMI: 
CH4 (g/kg DM) = exp [3.15(± 0.052) − 0.0035 (± 0.00061) × fat, g/kg DM]
Grainger and Beauchemin (2011) analysed 27 studies and concluded that, within a 
practical feeding rate of less than 8 percent fat in the diet, a 10 g/kg increase in dietary fat 
would decrease CH4 yield by 1 g/kg DMI in cattle and 2.6 g/kg in sheep. Similarly, Sauvant 
et al. (2011) also found a negative relationship between CH4 production and dietary fat 
concentration. These authors did not find any significant difference in the response among 
lipids (mostly vegetable oils with various concentrations of unsaturated FA, such as canola, 
coconut, linseed, soybean and sunflower) and did not report effects on animal production 
(or feed intake, although the CH4 mitigation effect was estimated on a DMI basis). 
The important question of persistence of the effect of lipids on CH4 production has not 
been adequately addressed. In a study with dairy cows on pasture, Woodward et al. (2006) 
examined the effect of vegetable and fish oils on milk production and CH4 emission in 
short- (14 days) and long-term (12 weeks) experiments. Lipids significantly decreased CH4 
production in the short-term study, but this effect was not observed after 11 weeks of feed-
ing lipids in the long-term study. These authors concluded that lipids were not beneficial for 
milk production and emphasized the need for long-term studies when developing on-farm 
strategies for CH4 mitigation. 
Some studies do report long-term effects of dietary oil, but data are inconsistent. Holter 
et al. (1992) found a statistically-significant decrease in CH4 production in a 16-week study 
with lactating dairy cows when the diet was supplemented with whole cottonseeds (4.1 
vs 6.8 percent total dietary fat), but the effect seemed to disappear when CH4 production 
was expressed per unit of DMI or milk production (a dramatic 5.6 kg/day drop in milk pro-
duction with cottonseeds). Whole cottonseed, however, has been reported as an effective 
CH4 mitigation feed in long-term studies by Grainger et al. (2008) after five and after 12 
weeks (Grainger et al., 2010b). 
Grainger and Beauchemin (2011) examined six long-term studies (six to 36 weeks, most-
ly with dairy cows), including the study by Holter et al. (1992), and concluded that the effect 
of dietary fat on enteric CH4 production does persist but also pointed out that the effect 
is not consistent among studies. Persistence of the mitigating effect of dietary oil was also 
observed in the study of Martin et al. (2011) with flaxseed in dairy cows, although it was not 
supported by another study from the same group with young bulls (Eugène et al., 2011).
As indicated earlier, biohydrogenation of dietary FA per se is a minor competitor for 
reducing equivalents compared with methanogenesis (Jenkins et al., 2008), but modelling 
of biohydrogenation and integrating results with methanogen activity might help predict 
dietary conditions when lipid compounds are effective without adding significant risk for 
milk fat depression. 
Attempts to use microbe-derived FA in milk as predictors of methanogenesis to sup-
port these efforts still suffer from profound bias among derivation data sets (Mohammed 
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et al., 2011), limiting their usefulness for prediction to future conditions. Dijkstra et al. 
(2011a), however, showed that CH4 production could be predicted with promising accura-
cy in various experiments when both milk FA and CH4 production were determined using 
similar techniques and equipment. Perhaps future attempts to make these equations more 
robust across diverse conditions need to account for differences in diet, milk production, 
or stage of lactation. In early lactation, changing forage:concentrate or adding rumen-inert 
fat had little effect on milk FA composition (Weiss and Pinos-Rodriguez, 2009). However, 
in later lactation, both decreasing forage:concentrate and supplementing fat decreased 
the proportion of short-chain FA (decreasing de novo synthesis), which would increase the 
secretion of FA (including microbially derived ones) absorbed from the small intestine. The 
balance between uptake and synthesis of FA in the mammary gland probably also con-
tributes to differences in odd and branched chain FA in milk used for prediction purposes 
(French et al., 2012).
The Monod growth kinetics model of Janssen (2010) predicts that methanogens would 
adjust to a higher [H2(aq)] to maintain population density with the feeding of lipids and 
decreasing ruminal pH (typically through feeding higher grain or less effective fibre diets). 
Presumably, these events would be additive, so lipids plus lower pH would potentially 
combine to thermodynamically stimulate propionate production and decrease methano-
genesis. Combining lipids with higher concentrate, presumably through lower ruminal 
pH, has been suggested to decrease protozoal counts (Firkins, 1996) but, unfortunately, 
it is also expected to decrease lipolysis and inhibit the terminal step of biohydrogenation 
(Jenkins et al., 2008). That review discussed protozoal lipids being highly enriched in 
polyunsaturated and trans-11 FA, and both polyunsaturated fats and biohydrogenation 
intermediates are removed from the ruminal biohydrogenation pool through growth and 
ruminal passage of protozoa. Thus, CH4 mitigation strategies combining lipids in dietary 
situations that limit rumination or enhance ruminal acidity can both decrease methanogen-
esis and depress milk fat synthesis. Yet, if ruminal pH is not decreased too much because of 
lack of effective fibre, decreasing forage particle size might increase ruminal passage rate to 
increase the rate of lipids entering this biohydrogenation pool (Lewis et al., 1999). Increased 
passage rate of methanogens adherent to particles or perhaps protozoa passing with the 
particulate phase could decrease H2 production according to the Janssen (2010) model.
In some studies, lipids had a significant and negative impact on DMI (for example, 
Martin et al., 2008), a factor that must be carefully considered. Another important factor 
to take into account with lipids is that the increasing potential for mitigating CH4 tends to 
correspond with increased likelihood of depressing milk fat and/or protein concentration, 
potentially with enhanced responses when combining lipids with other strategies such as 
ionophores (Mathew et al., 2011). Some fats such as coconut oil, for example, can severely 
depress feed intake, fibre digestibility and, consequently, milk production and cause milk 
fat depression in dairy cows (Hristov et al., 2004, 2009, 2011b; Lee et al., 2011a; Holl-
mann and Beede, 2012), although they may be still beneficial as CH4 mitigating agents 
(Machmüler and Kreuzer, 1999; Machmüller, 2006; Hristov et al., 2009). Even a blend of 
mostly saturated long-chain FA (C16:0, C18:0, and C18:1) was found to cause a significant 
drop in feed intake and milk production, and a marked decrease (from 3.10 to 2.51 per-
cent; i.e. a clear indication of milk fat depression, although not statistically significant) in 
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milk fat concentration (Hollmann and Beede, 2012). Lipids causing this kind of production 
effects cannot be recommended as mitigation agents. 
Studies on the effect of supplemental lipids on animal productivity are inconsistent. 
A review by Chilliard and Ferlay (2004) concluded that in most studies, milk production 
of dairy cows was increased with lipid supplementation (although rapeseed oil appeared 
to be an exception). The fattening cattle review by Clinquart et al. (1995) suggested that 
digestibility is decreased with lipid supplementation, but ADG and feed conversion may be 
improved. 
The dataset developed for the analysis reported in this document contained 31 stud-
ies, in which oil supplementation was the main effect, with 105 treatments. Average CH4 
production was 19.5 g/kg DMI (SD = 7.2). Treatments included various types of oil, pure 
FA (myristic, for example), and whole and processed oilseeds such as canola, sunflower, 
cottonseed, etc. On average and compared with the study control, CH4 production per 
unit of DMI was reduced in 81 percent of the oil supplementation treatments; the average 
reduction was 20 percent (SD = 13.9), min = 2 and max = 65 percent (coconut oil fed to 
sheep at 7 percent of dietary DM; Machmüller and Kreuzer, 1999). Dry matter intake was 
reduced in 49 percent of the oil supplementation treatments with an average reduction of 
5.6 percent (SD = 6.6), min = 0.1 and max = 26 percent. Treatments with lactating animals 
(all dairy cows) were 29, of which in 15 (52 percent) milk production was reduced by oil 
supplementation, on average, by 9 percent (SD = 5.2), min = 1 and max = 20 percent. 
Based on these data, it can be concluded that inclusion of lipids in ruminant diets will 
likely produce a CH4-mitigating effect, but it may also depress feed intake and conse-
quently, animal productivity. Therefore, at least part of the mitigation effect reported in 
the dataset is a result of decreased intake of dietary carbohydrate, which is a consequence 
of decreased DMI as a result of lipids replacing carbohydrate in the diet. For example, 
few studies measuring methanogenesis have replaced lipids for starch while maintaining 
the same concentration of rumen-degradable starch (e.g. by steam-flaking vs coarse 
grinding) or done meta-analyses to separate the direct from the indirect effects of lipid 
supplementation. 
The economics of including lipids must also be considered. Vegetable oil prices have 
continuously increased on the world market over the last decade (soybean oil increased from 
US$343/tonne in Jan 2002 to US$1 131/tonne in Jan 2012; http://www.indexmundi.com), 
and it is questionable that feeding edible lipids to animals for the purpose of reducing CH4 
emissions is economical now or in the future. Moreover, in many markets, the butterfat 
differential would discourage fat supplementation practices that increase the risk of milk 
fat depression.
Although supplementing animal diets with edible lipids for the sole purpose of reduc-
ing enteric CH4 emissions is debatable, high-oil by-products from the biofuel industries 
[dry or wet distiller’s grains (DDG or WDG, respectively) or dry or wet distiller’s grains 
with solubles (DDGS or WDGS, respectively), and mechanically-extracted oilseed meals] 
can naturally serve as a CH4 mitigating feed, if included in the diet for economic reasons. 
McGinn et al. (2009), for example, reported up to 24 percent less CH4 emissions when 
DDG replaced barley grain in the backgrounding diet of beef cattle by supplementing an 
additional 3 percent lipid to the dietary DM. 
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The effects of distiller’s grains on CH4 production, however, are not consistent and 
to a large extent may depend on the rest of the diet. Hales et al. (2012a) fed from 0 to 
45 percent WDGS (substituting steam-flaked corn) to Jersey steers and observed a linear 
increase in enteric CH4 emission per unit of DMI (up to 64 percent increase with the highest 
inclusion rate), due primarily to increased NDF intake, although the ether extract content 
of the diet increased from 5.9 to 8.3 percent. These authors reported Ym of 2.4 (0 percent 
WDGS) to 3.7 percent (45 percent WDGS). 
High-oil by-product feeds may have the same suppressive effect on feed intake as free 
lipids, so caution must be exercised to prevent negative effects on animal production or 
milk fat depression in lactating cows (Schingoethe et al., 2009). Hales et al. (2012a), for 
example, reported about 11 percent decrease in DMI with the highest WDGS inclusion rate 
compared with the control. As little as 12 to 13 percent inclusion of mechanically-extracted 
canola or rapeseed meals with various FA compositions (replacing traditional, solvent-ex-
tracted canola meal) depressed DM intake and consequently, milk production in high-pro-
ducing dairy cows (Hristov et al., 2011c). These feeds also contain higher total N (relatively 
less digestible than N from the original seeds) and phosphorus (P), which may present an 
environmental challenge due to high N and P content of manure and, consequently, greater 
NH3 and N2O emissions. 
A new trend in the bioethanol industry is partial extraction of oil from distiller’s grains. It 
is estimated that more than half of the bioethanol plants in the United States are currently 
extracting oil from DDGS, with more plants expected to implement this practice in the near 
future. The industry is adopting oil extraction because of the additional income, which pays 
relatively quickly for the initial capital investment. Taking out about one-third of the oil 
from DDGS will reduce the energy value of the product but is likely to also reduce the CH4 
mitigating effect, discussed above, of these by-products.  
An issue with distiller’s grains, as well as with other by-products like whole cottonseed, 
is the increased dietary N concentration and intake, leading to increased potential for uri-
nary N excretion and NH3 and N2O emissions from stored manure and manure-amended 
soil (see Dietary management and N2O emissions from manure).
Spiehs and Varel (2009), for example, reported linear increase in urinary N and total 
manure P excretion with increasing WDG inclusion (0 to 60 percent) in the diet of beef 
steers. Similarly, Hales et al. (2012b) reported that inclusion of 30 percent WDGS in the 
diet of feedlot cattle increased total N excretion by 18 percent but urinary N losses by 35 
percent, while dietary N intake was 23 percent higher compared with the control (0 percent 
WDGS). Distiller’s grains are also inherently variable in composition (Spiehs et al., 2002) and 
particularly intestinal digestibility of RUP and specific AA limiting production in ruminants 
(Boucher et al., 2009). 
Biofuel by-products may be available now due to increased ethanol (or biodiesel) produc-
tion as a result of national energy policies in many countries, but their availability for feeding 
livestock in the future is not certain. According to a report by Searchinger et al. (2008), when 
land-use changes are accounted for, corn-ethanol production nearly doubles GHG emissions 
over 30 years and increases GHG for 167 years, when compared with gasoline. Removal 
of subsidies and the increasing price of corn further threaten the financial survival of these 
industries and makes availability of DDG as animal feed even more uncertain in the future. 
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Biodiesel by-products may also provide high-oil feedstuffs for livestock feeding. Biodiesel 
is considered as an environmentally sustainable, biodegradable fuel with lower C emissions, 
fewer particulates in exhaust emissions and substantially decreased sulphur dioxide emis-
sions compared with fossil fuels (Sharma et al., 2008; He et al., 2009). Biodiesel can be 
made from various feed stocks with relatively small capital investment. With high oil yield 
per acre, canola/rapeseed are the preferred feed stocks for biodiesel production. Mechani-
cally-extracted canola/rapeseed meals can have very high residual oil content (up to 17 per-
cent, DM basis) and as indicated earlier, may depress DMI and milk production in dairy cows 
(Hristov et al., 2011c). The oil in these meals is usually high in mono-unsaturated FA and, if 
included at levels exceeding 6 to 7 percent total dietary fat, will likely impair rumen function. 
Numerous plants have been investigated as feed stocks for biodiesel/biofuel production. 
Sharma et al. (2008) listed over 37 indigenous plant species of India containing 30 percent 
or more oil in their seed, fruit or nut and meeting United States and European biodiesel 
standards on the basis of their FA composition. Among these plants, Azardirachta indica 
(concentrations of oleic and linoleic acids in plant oil: 61.9 and 7.5 percent, respectively), 
Pongamia pinnata (49.4 and 19.0 percent), Jatropa curcas (40.8 and 32.1 percent), Mad-
huca indica (46.3 and 17.9 percent), and Calophyllum inophyllum (42.7 and 13.7 percent, 
respectively) have attracted the attention of researchers and biodiesel manufacturers in 
India as potential feed stocks (Sharma et al., 2008). The potential of the meals from these 
plants as animal feed has not been fully explored but, due to their high oil content (also 
high in unsaturated FA), they may mitigate CH4. 
Some oils from oilseeds have been engine-tested, their physicochemical properties have 
been described, and their oil yields estimated (Razon, 2009). Some of these lipids contain 
unique FA, but their effects on ruminal fermentation have not been studied. Castor oil 
(Ricinus communis), for example, contains ricinoleic acid which gives the oil its exceptionally 
high lubricity, but there is little information on the effect of ricinoleic acid on rumen fer-
mentation (Wallace et al., 2007). If any of these plants is used for biodiesel production on 
a larger scale, the meals will be available for feeding livestock, and research of their effects 
on ruminal fermentation, CH4 production and animal performance is warranted. 
One oil plant that has high unsaturated FA content, camelina (Camelina sativa; lino-
lenic acid, 20 to 40 percent; linoleic acid, 10 to 20 percent; oleic acid, 12 to 25 percent; 
eicosenoic acid, 13 to 21 percent; and erucic acid, 2 to 5 percent of the plant oil) has been 
investigated as ruminant feed, specifically with the objective of increasing omega-3 FA in 
milk (and meat) fat. Hurtaud and Peyraud (2007) fed camelina seeds or meal to lactating 
dairy cows and reported a trend for decreased DMI (the meal contained 13 percent ether 
extract), no significant effect on milk yield and severe milk fat depression. Not surprisingly, 
there was a significant drop in the Ac:Pr ratio after feeding (from 2.74 to 2.02, control and 
camelina meal, respectively). A more recent study with camelina oil or expeller meal (total 
FA content of the camelina meal diet was 3.6 percent, DM basis) did not report any effect 
on digestibility, milk production or milk composition (Halmemies-Beauchet-Filleau et al., 
2011). It is unclear how these meals may affect absolute and per unit of animal product 
enteric CH4 production. 
Some non-edible meals and cakes from edible oil seeds can contain toxic compounds 
with potential adverse effect on animal health and productivity (Balanites aegyptica, Ter-
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minalia bellirica, Putranjiva roxburghii, Perilla frutescens, Madhuca indica and Moringa 
oleifera; Abbeddou and Makkar, 2012). Balanites aegyptica cake, for example, contains 
steroidal sapogenins and is considered unsuitable for feeding livestock. Other examples are 
Madhuca indica cake, containing sapoglucosides that are bitter and toxic to livestock, and 
Putranjiva roxburghii kernels, containing phenyl, isopropyl and sec-butyl isothiocyanates of 
glucosides (Abbeddou and Makkar, 2012). 
Other by-product feeds from emerging biofuel industries, such as microalgae (the 
so-called third-generation biofuels14), may become available if these industries develop. 
Algae, yeast, bacteria and fungi have the ability to accumulate lipids under some special 
cultivation conditions (Li et al., 2008) and may potentially become an important feedstock 
for the biodiesel industry in the future, thus providing a high-oil by-product for animal feed-
ing (Pabbi and Dhar, 2011). According to some, algal biofuels appear to be environmentally 
more sustainable than the biofuel production from cereal grains and oilseeds, and factors 
such as development in biotechnology, high crude oil prices and placing a high C-footprint 
value on GHG emissions may result in algal biodiesel being competitive with other fuels 
(Kovacevic and Wesseler, 2010). Transgenic plants with higher oil content have also been 
investigated (Winichayakul et al., 2008), but there are not sufficient data to evaluate any 
of these approaches as a CH4 mitigation strategy.
There have been attempts to introduce high-oil corn silage for the dairy industry in the 
United States. However, while the benefit of high-oil corn hybrids is in the increased energy 
content due to oil, which has more than twice the GE value of carbohydrates, the overall 
increase in net energy for lactation appears to be minimal because the increased energy 
from oil is diluted by the relatively small proportion of the oil in the whole corn plant DM 
and the decrease in starch content. 
A study by Atwell et al. (1988) examined the effect of high-oil corn grain, high-oil 
corn silage and a combination of the two on lactating dairy cow performance. There were 
no production benefits of the high-oil corn or corn silage and feed efficiency was in fact 
decreased due to increased intake on the high-oil corn diets. An inconsistent effect or lack 
of response to high-oil corn and corn silage was reported by LaCount et al. (1995) and 
Whitlock et al. (2003), but Weiss and Wyatt (2000) observed increased milk yield with 
high-oil corn silage (at similar DMI). In this latter study, however, milk protein content was 
lowered by the high-oil corn silage, an indication of depressed rumen function, which is 
typically reported for feeds with high content of unsaturated FA (corn oil is about 80 per-
cent mono- and poly-unsaturated FA). With lack of production responses, lower yields and 
higher seed cost, high-oil corn is unlikely to be a feasible feedstuff for cattle or a source of 
unsaturated oil for GHG mitigation purposes. 
Our conclusion is that lipids are effective in reducing enteric CH4 emission, but the feasibili-
ty of this mitigation practice depends on its cost-effectiveness and potential effects on feed 
intake (negative), productivity (negative) and milk fat content in lactating animals (positive 
or negative). High-oil by-product feeds such as distiller’s grains, and meals from the biodies-
el industry can serve as cost-effective sources of lipids with potential CH4 supressing effect. 
14 The first generation refers to biofuels from starch and sugars, and the second generation refers to biofuels from 
cellulose and other non-edible plant materials.
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Their mitigating potential, however, has not been well-established and in some cases CH4 
production may increase due to increased fibre intake. There are a large number of non-tra-
ditional oilseeds being investigated as biofuel feedstock that, if available, may be used as 
livestock feed and have a beneficial effect on animal productivity (through improvements 
in energy and protein supply), including a CH4-mitigating effect, although data to support 
this concept are lacking.
Exogenous enzymes
The use of exogenous enzymes (EXE) in ruminants has been intensively studied during the 
last 20 years, and Grainger and Beauchemin (2011) recently reviewed their potential appli-
cation to reduce enteric CH4 production in the rumen. There is no evidence of direct effect 
of these preparations on CH4 production, but they appear to improve diet digestibility and 
animal production in some studies. The responses, however, are inconsistent and the fac-
tors affecting the responses are not clearly understood. 
A review of EXE studies with dairy cows (25 studies published in refereed journals) 
indicated that, with few exceptions, EXE failed to produce the desired effects and expected 
improvements in vivo, based on their performance in vitro (A. N. Hristov, Pennsylvania State 
University, USA.; unpublished data). Specific EXE products resulted in significant increase in 
milk yield in one or two trials, but these preparations were not further tested to confirm their 
effectiveness. In several studies, milk production, total tract digestibility of OM, NDF, and 
sometimes CP, were increased by EXE supplementation. Some of the effects were dramatic 
and not biologically reasonable. A typical example of this latter category was a study by Titi 
(2003), which showed that a fibrolytic EXE applied at 150 g/tonne forage increased milk 
yield by about 8 kg/day, a dramatic 37 percent increase compared with the control. At the 
same time, treatment had no effect on milk components (no dilution effect) and no effect 
on DMI, which resulted in a corresponding 37 percent increase in feed efficiency with the 
EXE treatment. The graphical data published in this report showed a difference in milk pro-
duction of about 7 kg/day in favour of the EXE product in the first week of the study, which 
could only be a result of: (1) an “immediate effect” of the EXE preparation (unlikely), or (2) 
significant differences in cow productivity before assigning treatments and failure to account 
for these differences by using an appropriate experimental design and statistical model. 
A similar example is the report by Gado et al. (2009) in which a 23 percent increase 
in milk yield was observed for the EXE group. In this case, however, the production effect 
could be easily explained by greater DMI for the group. An increase in total tract nutrient 
digestibility and specifically NDF (a striking 40 percent) with the EXE treatment apparently 
had no consequences on cow productivity. Cows in this trial appeared to have had an N 
intake that accounted for more than 10 percent of total DMI, and retained 415 g N/day 
(control) [corrected for N in milk, given that Gado et al. (2009) reported N balance to be 486 
g/day calculated as the difference between N intake and N excreted in faeces and urine]. 
Thus, variability among responses resulting from limited data, experimental errors or 
using inappropriate application methods limit the ability to assess potential effects of EXE 
on animal productivity, feed efficiency and CH4 mitigation. Nevertheless, increased digest-
ibility is the most likely explanation for production effects in trials in which DMI was not 
affected by EXE supplementation. 
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There has been an effort by some groups to develop “second generation” EXE, i.e. 
products developed specifically for use in ruminant diets (Selinger et al., 1996). Recently, 
some EXE were shown to increase feed efficiency in dairy cows by 10 to 15 percent (Arriola 
et al., 2011; Holtshausen et al., 2011) when added to the silage or to the whole diet, with 
these results expected to result from improved fibre digestibility. Forages contain about 
30 to 70 percent NDF, and NDF digestibility in the ruminant digestive tract is typically less 
than 65 percent for North American diets (with about 50 percent NDF degradability in the 
rumen), but can be considerably higher for some grasses and grass silage-based diets (Tas 
et al., 2005; Huhtanen et al., 2009a). 
Although NDF digestibility can be high, NDF turnover rate is usually slow and dependent 
on relatively slow degradation rates, breakage into small particles by chewing to enhance 
microbial colonization and passage to the intestines. Dietary treatments (like EXE) that 
improve physical breakage could increase the rate and extent of fibre degradation and 
intakes, but few studies appear to have examined mechanisms by which EXE affect chang-
es in animal productivity. Thus, there might be an opportunity to increase fibre digestion in 
ruminants, which would help improve feed efficiency of forage-based diets. Improved feed 
digestibility may decrease fermentable OM in (stored) manure, thus reducing overall CH4 
emissions from ruminant production systems. On the other hand, some EXE products may 
in fact increase CH4 production. An EXE with endoglucanase and xylanase activities, for 
example, increased CH4 production per unit of DMI or milk yield by about 10 to 11 percent 
in a study by Chung et al. (2012), which was attributed, by the authors, to increased rumi-
nal digestion of feed (although no measure of improved digestibility were reported). In the 
latter study, the EXE product had no effect on DMI or milk yield, which contradicted results 
from an earlier study with the same product (Holtshausen et al., 2011). 
Although limited data indicate that exogenous enzymes may increase feed efficiency and thus 
indirectly reduce enteric CH4 production, inconsistencies in the data mean that exogenous 
enzymes cannot be recommended as an effective mitigation practice.
Direct-fed microbials
Direct-fed microbials (DFM) are commonly used as supplements in animal production. 
Probably the most common DFM used in ruminant nutrition are yeast-based products (YPs). 
A variety of commercially-available products fitting the description of YP exists, including: live 
yeast (highly concentrated live yeast), yeast culture (yeast cells with varying viability and the 
fermentation medium on which they were grown; Fonty and Chaucheyras-Durand, 2006), or 
yeast products (a general term representing both live yeast and yeast culture). This variability 
among YP is reflected in inconsistent animal responses to YP. Earlier analyses reported 
increased DMI and milk yield in dairy cows, no effect on rumen pH but decreased lactate 
concentration, and increased duodenal microbial protein and methionine flows (considered 
the first limiting AA in lactating dairy cows and other farm animals), suggesting enhanced 
microbial protein synthesis in the rumen (Erasmus et al., 1992; Poppy et al., 2012). Strains 
of Aspergillus oryzae and Saccharomyces cerevisiae have been the most commonly studied. 
Proposed modes of action of YP in the rumen include oxygen scavenging and supply 
of growth factors, thus inducing more favourable conditions for the activity of ruminal 
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bacteria, particularly those involved in fibre digestion (Newbold et al., 1996; Fonty and 
Chaucheyras-Durand, 2006). More recent meta-analyses reported an overall positive effect of 
various YP on milk yield in dairy cows (Van Vuuren, 2003; Desnoyers et al., 2009; Robinson 
and Erasmus, 2009). The Robinson and Erasmus (2009) review reported that S. cerevisiae YP 
increased milk yield by 3.6 percent on average (over the control). The same YP had no effect 
on feed intake or milk production and composition of high-producing dairy cows (Hristov et 
al., 2010b), which only emphasizes the variability and conditional effects of these products. 
Robinson and Erasmus (2009), for example, suggested the magnitude of the effect 
of YP on milk production decreased with increasing the milk yield of the control cows. 
The meta-analysis by Desnoyers et al. (2009; 157 experiments with lactating dairy cows) 
concluded that S. cerevisiae-based YP increased ruminal pH, increased total VFA and 
decreased lactate concentration, and increased OM digestibility, but had no effect on 
Ac:Pr ratio. Feed efficiency calculated based on published DMI and milk yield in this 
analysis did not seem to differ between control and YP. In the Hristov et al. (2010b) 
study, methanogen-specific DGGE (denaturing gradient gel electrophoresis) analysis of 
rumen methanogens did not reveal any YP-specific banding patterns and this result was 
supported by the lack of effect of YP on ruminal CH4 production and overall ruminal fer-
mentation (pH, protozoal counts, VFA). The YP, however, slightly decreased NH3 and CH4 
emissions from manure measured in a steady-state gas emission system. 
The notion of using YP to mitigate enteric CH4 production has been discussed (New-
bold and Rode, 2006) but, with the exception of some exciting and unconfirmed in vitro 
results (Chaucheyras et al., 1995), convincing animal data to support this concept are 
lacking. Mwenya et al. (2004), for example, reported a 10 percent decrease in CH4 pro-
duction in sheep fed a 70 percent forage/30 percent concentrate diet supplemented with 
Trichosporon sericeum YP, but production of CH4 per unit of DMI was similar to that of 
the control. A study by McGinn et al. (2004) reported no effect of commercial YP on CH4 
production in beef cattle. Thus, the potential for mitigating rumen CH4 production with 
YP appears to be through increased production, feed efficiency and overall ruminal health. 
Other DFM interventions of ruminal fermentation include inoculation with lactate-pro-
ducing and lactate-utilizing bacteria to promote more desirable intestinal microflora and 
stabilize pH and promote rumen health, respectively. A meta-analysis by Krehbiel et al. 
(2003) reported a generally positive trend for improved health in young, growing dairy 
or beef cattle treated with various DFM (mainly based on Lactobacillus and Streptococcus 
and in some cases Propionibacterium spp.). This review also pointed to several studies with 
lactating dairy cows, but the research is limited. 
Overall, feeding DFM to feedlot cattle resulted in a 2.5 to 5.0 percent increase in ADG 
and around a 2 percent improvement in feed efficiency, whereas the response in DMI was 
inconsistent (Krehbiel et al., 2003). Several studies have reported a successful establishment 
of DFM products based on Megasphaera elsdenii (one of the most important lactate-utiliz-
ing species in the rumen) in sheep and cattle, but effects on ruminal pH and fermentation 
have been inconsistent (Klieve et al., 2003; Henning et al., 2010). A recent study with early 
lactation dairy cows inoculated with M. elsdenii claimed decreased Ac:Pr as a result of the 
inoculation (although this was not evident from the published data) and a statistically sig-
nificant increase in feed efficiency compared with the control cows (Aikman et al., 2011). 
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There have also been other attempts to inoculate the rumen with fungi (Candida kefyr) and 
lactic acid bacteria (Lactococcus lactis) along with nitrate supplementation to both control 
methanogenesis and possibly prevent nitrite formation, but no consistent animal data have 
been reported (Takahashi, 2011).
In conclusion, there is insufficient evidence of the direct enteric CH4 mitigating effect of yeast 
and other direct-fed microbials. However, yeasts appear to stabilize pH and promote rumen 
function, especially in dairy cattle, resulting in small but relatively consistent responses in ani-
mal productivity and feed efficiency, which might moderately decrease CH4 emission intensity. 
Defaunation
Association and cross-feeding between ruminal protozoa and archaea have been estab-
lished (Vogels et al., 1980; Lee et al., 1987; Finlay et al., 1994) and are the basis for 
suggesting defaunation as a CH4 mitigation strategy (Newbold et al., 1995; Boadi et al., 
2004; Hristov and Jouany, 2005). However, the response in CH4 to partial or complete 
defaunation has been variable. 
Morgavi et al. (2010) calculated an average decrease in CH4 production of about 10 
percent due to defaunation, but the data were extremely variable. Moreover, all respons-
es were attributed to loss of protozoa without accounting for depressed ruminal fibre 
digestibility, which promotes acetate/CH4 fermentation pathways and typically accompa-
nies defaunation (Eugène et al., 2004). Research from the same group with beef cattle 
reported no effect on rumen methanogen abundance despite a 65 percent difference in 
protozoal numbers between a high-forage and a high-starch, lipid-supplemented diet 
(Popova et al., 2011). Similarly, a 96 percent-reduction in ruminal protozoa in dairy cows 
treated with lauric acid had no effect on the 16S ribosomal ribonucleic acid (rRNA) copy 
number of methanogenic archaea (quantitative polymerase chain reaction), and DGGE also 
indicated no difference in the archaeal population structure due to reduction in protozoal 
numbers (Hristov et al., 2011b). 
With such variability and uncertainty in the response (see Morgavi et al., 2011), defau-
nation cannot be recommended as a CH4 mitigation practice. In addition, apart from lauric 
acid and coconut oil (Sutton et al., 1983; Machmüller and Kreuzer, 1999; Hristov et al., 
2004, 2009, 2011b) and some vegetable oils high in unsaturated fatty acids (FAs) such as 
linseed (Doreau and Ferlay, 1995), which can severely depress DMI in cattle, there has been 
no effective and, more importantly, practical defaunating agent tested rigorously in vivo. 
Protozoa also play an important role in fibre and OM digestion in the rumen (Jouany 
et al., 1988) and, although the response is not consistent, defaunation may have a neg-
ative impact on digestibility, animal production and milk fat test in lactating animals. A 
reduction in the population of protozoa-associated methanogens may trigger an increase 
in the population of bacteria- or rumen fluid-associated methanogens, which will coun-
teract a potential reduction in CH4 emission due to defaunation. Furthermore, it is difficult 
to maintain ruminants free from fauna, and there is always the possibility of refaunation. 
Our conclusion is that, based on the current data, defaunation cannot be recommended as a 
CH4 mitigation practice.
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Manipulation of rumen archaea and bacteria
Significant efforts have been devoted to suppressing archaea and/or promoting acetogenic 
bacteria in the rumen. Vaccines against rumen archaea are based on the concept of a 
continuous supply of antibodies to the rumen through saliva. Similar approaches with 
undesirable rumen bacteria, such as Streptococcus bovis, appear to have produced some 
positive results (Gill et al., 2000; Shu et al., 2001). 
Vaccines against archaea have been successful in vitro (Wedlock et al., 2010). A vaccine 
produced from an array of archaeal species had no effect on methanogen populations or 
CH4 production in sheep (Wright et al., 2004), although the animals had higher specific 
immunoglobulin G titres in plasma, saliva and ruminal fluid (Williams et al., 2009). In the 
latter study, however, CH4 outputs measured after the second and third vaccinations were 
about 20 percent and 18 percent higher, respectively, than those for the control, but the 
difference was not statistically significant. Follow up work using vaccines prepared from 
New Zealand and Australian methanogen strains proved unsuccessful in reducing CH4 
production in ewe lambs (Clark et al., 2004). 
New approaches have involved identification of genes encoding specific membrane-lo-
cated proteins from Methanobrevibacter ruminantium (perhaps the most important rumen 
methanogen) and using purified proteins (produced in Escherichia coli) as antigens to vac-
cinate sheep (Buddle et al., 2011). In another approach, antisera were generated in sheep 
against sub-cellular fractions from M. ruminantium, which reduced microbial growth and 
CH4 production in vitro (Wedlock et al., 2010). According to the authors, these approaches 
will provide a platform for selecting and screening appropriate candidates for vaccine for-
mulation (Buddle et al., 2011).
Sequencing the genome of M. ruminantium has opened new frontiers and opportu-
nities for inhibition of rumen methanogens and the potential to mitigate ruminant CH4 
emissions (Leahy et al., 2010). Ruminal bacteria capable of utilizing H2 and CO2 to produce 
acetate exist in the rumen (Joblin, 1999). Although these bacteria do not seem to be able 
to compete with methanogens for H2 under normal conditions (Fievez et al., 2001a), they 
may be competitive if H2 concentrations increase as a result of suppressed CH4 production 
(Le Van et al., 1998). The model of Janssen (2010) demonstrates a dynamic interaction 
between H2, passage rate, propionate production and the growth and activity of meth-
anogens in the rumen. These interactions need to be acknowledged in the development 
of vaccines, and this is an exciting and fast-developing area of research that may produce 
effective CH4 mitigation technologies in the near future (Wright and Klieve, 2011). 
Recent research has suggested that interventions at early life of the animal can trigger 
differential microbial rumen colonisation and development, which may result in differential 
rumen activity. In a study by Abecia et al. (2011), kids from mothers treated with BCM had 
reduced CH4 production compared with kids from untreated mothers (although animals 
were group-fed and individual DMI was not reported), introducing the possibility that 
responses to rumen modifiers may be influenced by the mother and remain programmed in 
the animal’s adult life. This interesting concept may offer new opportunities for mitigating 
enteric CH4 emission in ruminants, but needs to be further tested and verified. Another 
interesting approach, using anti-methanogen antibodies to suppress CH4 production, was 
shown to be ineffective in vitro (Cook et al., 2008). 
Mitigation practices 37
At this point, none of the existing rumen manipulation technologies are ready for practical 
application, but vaccines could be applied to all ruminants, including those with little human 
contact, such as sheep and beef animals on pasture. It is important to appreciate that vaccines 
require the host to produce antibodies against some of their microflora that are part of a sym-
biotic relationship, enabling ruminant survival on a fibre-based diet. To be effective, the vaccines 
have to cover the entire methanogen community and not just individual species. The extent 
of reductions in methanogenesis may only be 5 to 10 percent, and persistence of the effect is 
unknown, but the potential for widespread application makes this an exciting opportunity for 
future mitigation of enteric CH4 emissions. 
Feeds and feeding management 
There is a clear relationship between feed OM digestibility, concentrate feed or starch 
intake, and the pattern of ruminal fermentation. As argued by Wolin (1960), the stoichiom-
etry of ruminal fermentation dictates that more H2, and consequently CH4, will be produced 
on fermentation of fibre as compared with starch (in the latter case reducing equivalents 
are used for propionate synthesis). Noziere et al. (2010), for example, estimated that VFA 
molar proportions (acetate, propionate, butyrate) would average, respectively, 66, 17 and 
14 mol/100 mol for NDF and 41, 44 and 12 mol/100 mol for starch. Indeed, a 72 vs 52 
percent concentrate diet produced a 59 percent increase in ruminal propionate concentra-
tion and a 44 percent drop in Ac:Pr ratio in lactating dairy cows, accompanied by milk fat 
depression (3.20 vs 4.20, respectively; Agle et al., 2010b). 
In a meta-analysis, Bannink et al. (2008) showed that the fermentation of sugars and 
starch will shift rumen fermentation toward production of propionate when pH in the 
rumen decreases. Sauvant et al. (2011) proposed a quadratic relationship between Ym and 
Ac:Pr in ruminal fluid Ym = – 1.89 + 4.61 × Ac:Pr – 0.59 × Ac:Pr2; n = 23 experiments. 
These authors also derived several relationships among Ac:Pr and dietary DMI, concentrate 
inclusion and milk FA. 
Thus, it is generally believed that higher inclusion of grain (or feeding forages with 
higher starch content, such as whole-crop cereal silages) in ruminant diets lowers enteric 
CH4 production. Beauchemin et al. (2011) estimated that implementing extensive forage 
feeding for growing beef cattle would substantially increase GHG intensity (6.5 percent 
increase). Similarly, Pelletier et al. (2010) reported 30 percent higher total GHG emissions 
for pasture-finished cattle compared with cattle in a grain-based feedlot system. 
Effect of feed intake
Feed intake is an important variable in predicting CH4 emission. Johnson and Johnson (1995) 
stated that as feed intake increases, the Ym factor decreases by about 1.6 percent-units per 
each level of intake above maintenance. However, these authors also noted that a strong rela-
tionship among diet digestibility, intake and CH4 production could not be demonstrated. Their 
data (Figure 1 in Johnson and Johnson, 1995) suggest no relationship between dietary GE 
digestibility and the proportion of GEI lost as CH4. Increasing intake increases fractional pas-
sage rate and decreases digestibility. The decrease in digestibility will depend on diet quality. 
The NRC (2001) model, for example, assumes that the decline in digestibility (expressed 
as total digestible nutrients, TDN) with level of feeding is a function of diet digestibility at 
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maintenance intake (TDN percent-unit decline = 0.18 × TDNat maintenance – 10.3). Sauvant and 
Giger-Reverdin (2009) concluded from their meta-analysis that OM digestibility decreases 
linearly with increasing feed intake (OM digestibility, percent = 76.0 – 2.75 × level of 
feed intake, percent of BW). Similarly, these authors reported a linear decrease in Ym with 
increasing feed intake. 
In a meta-analysis of data from studies in which dairy (n = 247) and beef (n = 75) cattle 
were fed grass silage-based diets, Yan et al. (2000) generated CH4 prediction models based 
on digestible energy intake (DEI) that included silage acid detergent fibre (ADF) or DMI 
proportions and level of feed intake:
CH4 energy (MJ/day) = DEI, MJ/day × (0.094 + 0.028 × silageADFintake/totalADFintake) – 
2.453 × (level of intake above maintenance) 
CH4 energy (MJ/day) = DEI, MJ/day × (0.096 + 0.035 × silageDMI/totalDMI) – 2.298 × (level 
of intake above maintenance) 
Hegarty et al. (2010) proposed the following relationships among feed intake, digest-
ibility (55 to 85 percent), and CH4 production for growing lambs on pasture: “(1) an 
increase in DMI is associated with a linear increase in ADG, with the rate of ADG being 
greater for feeds of greater digestibility; (2) increased DMI is associated with increased 
CH4 production. For diets of low to moderate digestibility, such as those consumed in 
extensive grazing systems in Australia, the CH4 released per unit additional intake is 
greater than when high intakes of high-digestibility feed are consumed; (3) CH4 pro-
duction per unit of metabolizable energy (ME) intake is lowest for diets with high-en-
ergy densities; (4) although an increase in the intake of any diet reduces the emissions 
intensity of growth (g CH4 produced per kg ADG), emissions intensity at any given DMI 
is less for high-digestibility feeds than for low-digestibility feeds; and (5) small changes 
in energy intake result in small changes in CH4 output, but in large changes in animal 
performance.” For (5), the authors gave the following example: assuming that a 30-kg 
lamb consumed 900 g/day of forage, an increase in digestibility from 65 to 75 percent 
would increase ADG from 51 to 101 g/day but would increase CH4 output by less than 
1 g/day and almost halve emissions/unit ADG (i.e. Ei), provided the animal has genetic 
potential for enhanced productivity. 
Despite the obvious relationships among digestibility, intake and enteric CH4 produc-
tion (absolute or per unit of DMI), the Ym factor used by IPCC (2006a) is calculated on a 
GEI basis only. Ellis et al. (2010) evaluated nine empirical CH4 prediction equations and 
observed the Ym factor model to perform adequately, compared with other equations. 
However, these authors argued that because it is based simply on GEI, Ym does not 
have the capacity to fully describe changes in composition of the diet and has limited 
use when estimating the impact of varying nutritional strategies on CH4 emissions. For 
example, the IPCC Ym model could not decipher between an increase in CH4 caused 
by an increase in DMI and a change in CH4 caused by an increase in the fat content of 
the diet, which would have differing effects on the resulting CH4 emission but may not 
differ in GEI. 
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Thus, the validity of the Ym approach is questionable, and perhaps it is time to begin expressing 
CH4 energy loss on a DE basis (or per unit of animal product), which will better reflect forage 
quality and other mitigation practices, such as grain or fat inclusion in ruminant diets.
One example of the potentially misleading information of CH4 emission based on 
GEI is the study of Boadi and Wittenberg (2002). These authors fed low-, medium- and 
high-quality forage (with 38.5, 50.7 and 61.5 percent in vitro OM degradability) to dairy 
and beef cattle and reported no statistical differences among forages in CH4 emissions 
when expressed on GEI or DMI bases (6 to 7 percent or 29 to 32 litre/kg). In contrast, 
there were drastically greater emissions with the lower quality forages when expressed on 
digestible OM intake basis (83, 64, and 48 litre/kg, respectively). 
Similar disagreement between enteric CH4 emissions expressed on a GEI or DEI basis 
was reported by Kennedy and Charmley (2012). These authors fed tropical grasses (n = 5) 
and legumes (n = 5) of varying quality to steers and measured enteric CH4 in respiration 
chambers. The correlation between CH4 production on GEI (average of 6.2 percent), and 
DEI (average of 11.8 percent) basis was poor, r = 23. 
Because DM (and specifically digestible OM) intake is perhaps the most important deter-
minant of CH4 production in ruminants, the effect of feed and forage quality on intake 
is paramount. Regressing data for DMI vs CH4 production from the enteric CH4 database 
developed for the current analysis (n = 377), produced the following relationship (Figure 4) 
(SE in parentheses):
CH4, g/day = 2.54 (4.89) + 19.14 (0.43) × DMI, kg/day (R2 = 0.86; P < 0.001) 
The dataset used to develop this relationship included all control treatment means and 
treatments classified as feeds, with outliers removed based on an absolute studentized 
residual value > 2 (the PROC REG regression procedure of SAS; SAS Inst., Inc., Cary, NC, 
USA). This relationship can be used to predict baseline enteric CH4 production in cattle and 
small ruminants, after being validated against an independent dataset in comparison with 
the current IPCC Ym coefficient. 
A similar coefficient for predicting CH4 emissions per kg of DMI was reported for sheep 
(CH4, kg/day = 0.0187 × DMI, kg/day) by Cottle et al. (2011) and for steers (CH4, g/day = 
19.6 × DMI, kg/day) in Australia by Kennedy and Charmley (2012). 
It is worth mentioning that, if this equation is used, the prediction error would likely be 
greater with increasing DMI. The limitation is that the equation in Figure 4 is derived over 
a very large range of DMI, so the high R2 suggests high precision; in contrast, shifting DMI 
in a more narrow range (e.g. a 10 percent increase from about 18 to 20 kg/day) would 
result in high variability, supporting the need for more research to explain this variation. In 
essence, this equation suffers from the same limitation as previously described for the fixed 
Ym approach in IPCC, and expressing CH4 production on a digestible DM basis may better 
represent the large variation between diets. Diet digestibility information, however, is not 
always available in the CH4 mitigation literature. 
Although CH4 will increase with increasing DMI, the increase has to be interpreted in 
the context of a likely increased production of milk or meat which will decrease CH4 Ei and 
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may lead to an overall reduction in herd size in some production systems. Dry matter and 
DE intakes are unquestionably the most important factors driving animal production, and 
the equation in Figure 4 does not account for increased production and decreased enteric 
CH4 on a product basis with increasing DMI. On the other hand, increased DMI usually 
decreases digestibility, which may increase excretion of fermentable OM with manure and 
thus, CH4 or N2O emissions depending on the type of manure handling system. As shown 
by Huhtanen et al. (2009a) in a meta-analysis of 92 trials (497 diets) with lactating dairy 
cows, intake had a negative effect on diet digestibility, although it was less than predicted 
by NRC (2001) and the Cornell Net Carbohydrate and Protein Model (Fox et al., 2003). 
Huhtanen et al. (2009a) pointed out that diets which had high digestibility at maintenance 
exhibited greater depression in digestibility with increasing DMI. Another dietary factor that 
had a negative effect on NDF digestibility in that meta-analysis was the level of fat intake 
from concentrate feeds (see earlier discussion in Dietary lipids). 
Concentrate inclusion
It is important to remember that dietary variables are not independent. Increasing or 
decreasing the concentration of one entity will decrease or increase concentration of 
another. For example, as discussed earlier, mitigation options aimed at reducing urinary N 
excretion may well result in elevated enteric CH4 emission (Dijkstra et al., 2011b). Decreas-
ing dietary concentration of CP will result in increasing concentration of other nutrients 
(such as starch or NDF), and these changes may affect enteric and manure CH4 and N2O 
emissions. Thus, effects on GHG emissions as a result of changes in one nutrient have to 
be interpreted in the context of potential effects resulting from changes in other dietary 
constituents. 
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In a European study (Eugène et al., 2011), addition of starch and lipid combination to 
the diet of feedlot bulls reduced GHG emissions per unit of feed intake and BW gain. In 
another study by the same group, higher grain inclusion in the diet of Blond d’Aquitaine 
bulls (70 vs 21 to 41 percent grain; the type of forages also differed) resulted in a dramatic 
increase in Ym, from 3.2 to 6.9 percent, respectively (Doreau et al., 2011b). The authors 
concluded that total CH4 emissions (enteric and manure) were lowest for the high-grain 
diet, but N2O and CO2 emissions were greatest. Total GHG emissions were least for the 
high-grain diet (when C sequestration by grasslands was not taken into account). 
The literature, however, is not consistent on this matter. Some studies have not reported 
a decrease in CH4 production (absolute or per unit of feed DM intake) by increasing the 
proportion of concentrate feeds (for example, Beauchemin and McGinn, 2006; Popova 
et al., 2011). In some cases, the opposite effect was observed, i.e. enteric CH4 production 
increased (per unit of DM intake) with increasing concentrate inclusion in the diet (Islam 
et al., 2000; McGinn et al., 2006). 
In general, concentrate will have a higher amount of fermentable OM (per unit feed) 
than roughage, which helps to explain an increased in CH4 production. In a meta-anal-
ysis of 87 experiments with 260 treatments on growing and lactating cattle, sheep and 
goats, Sauvant and Giger-Reverdin (2009) found that CH4 energy loss, as a proportion 
of GEI, was related to the concentrate proportion in the diet and level of intake (LI, as 
percent of BW): 
Ym = 10.8 – 2.99 × LI + 0.40 × LI2 + 7.23 × CPr – 8.71 × CPr2 – 0.98 × CPr × LI 
where CPr is the proportion of concentrate in the diet. 
According to the latter equation, at 50 percent concentrate in the diet, Ym will be 9.2, 
6.9, 5.4 and 4.7 percent of GEI for intake levels of 1, 2, 3 and 4 percent of BW. At 70 
percent concentrate, Ym would be 8.3, 5.8, 4.2 and 3.3 percent, respectively (Figure 5). 
Some of the highest and lowest Ym values estimated using the equation of Sauvant and 
Giger-Reverdin (2009) appear inconsistent with general findings on the level of CH4 produc-
tion; Ym values as high as 9 percent or as low as 3 percent are unlikely to be encountered 
under standard feeding practices. Extrapolation of such empirical equations yields non-phys-
iological levels of production, and intrapolation has to be performed with great care. 
Ellis et al. (2010) evaluated nine CH4 prediction equations that are currently being used 
in whole farm GHG models. In their analysis, equations that attempt to represent impor-
tant aspects of diet composition performed better than more generalized equations. The 
Sauvant and Giger-Reverdin (2009) equation is an empirical prediction of CH4, that does 
not include elements of the chemical composition of the diet as predictors. The important 
implication of the Sauvant and Giger-Reverdin (2009) analysis is that small and moderate 
variation in dietary concentrate proportion is unlikely to affect enteric CH4 emission. As 
shown in Figure 5, marked improvements in Ym can be expected beyond 35 to 40 percent 
inclusion of grain in the diet, but this will also depend on the level of feed intake. Increasing 
concentrate proportion in the diet from 0 to about 30 to 35 percent may actually increase 
Ym. It should be noted that generally concentrate provides more digestible nutrients (per 
unit feed) than roughage. Hence CH4 expressed per unit product is likely to decrease.
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A meta-analysis using a mixed model regression analysis with a random study effect 
and data from 51 respiration chamber studies, including a total of 298 diets, was con-
ducted by Ramin and Huhtanen (2013) to develop models for predicting CH4 production 
from dietary and animal variables for dairy cow diets (< 75 percent of concentrates on 
DM basis). Only variables that were available or predictable when the diets were fed 
were considered. The best-fit equation for predicting the Ym factor was (SE in paren-
theses): 
CH4-GE (kJ/MJ) = 1.5 (13.7) – 0.70 (0.072) × DMIBW + 0.073 (0.0134) × OMDm – 0.13 
(0.02) × EE) + 0.048 (0.0099) × NDF + 0.045 (0.0096) × NFC (adjusted root mean square 
error, RMSE, 3.18 kJ/MJ; CV = 5.54 percent) 
where: 
DMIBW is DMI/BW (g/kg), 
OMDm is OM digestibility at maintenance level of intake (g/kg), and
EE, NDF and NFC are concentrations (g/kg DM) of ether extract, NDF and non-fibre 
carbohydrates, respectively. 
The best-fit equation for predicting the total CH4 production was (SE in parentheses): 
CH4 (L/day) = – 136 (33.5) + 41.0 (3.11) × DMI – 0.67 (0.131) × DMI2 + 0.25 (0.047) 
× OMDm – 0.99 (0.116) × EE – 47.8 (21.56) × (NFC/NDF) (adjusted RMSE of 21.3 L/day), 
where:
DMI is in kg/day
OMDm, EE, NDF, and NFC are as defined above. 
The authors of that analysis concluded that feeding level and digestibility are the main 
determinants of Ym and DMI is the main determinant of total CH4 production. Concentra-
tion of EE had a negative effect on CH4 production whereas dietary carbohydrate compo-
sition (NDF vs NFC) or proportion of concentrate had only marginal effects.
Feedlot cattle in North America are typically fed high grain diets (> 90 percent grain 
on a DM basis) to achieve maximum profit. In these systems, Ym can be as low as 2 to 3 
percent (Johnson and Johnson, 1995). Beauchemin et al. (2011) estimated that extended 
grain finishing of cattle from 170 to 210 days (i.e. shortened backgrounding period: 110 
vs 40 days, respectively) would reduce GHG Ei of beef production by 2 percent, mainly 
due to lower enteric CH4 emissions, reflecting shorter time to market and lower Ym of 
grain- vs forage-based diets. There would also be less CH4 emission from manure because 
its production would be reduced by 11.3 percent due to the greater digestibility of grain 
(Beauchemin et al., 2011). However, the authors indicated that intensifying ruminant 
production by feeding less forage should be promoted as a GHG mitigation strategy only 
after careful assessment using LCA because these results may not be applicable to all beef 
production systems. In addition, increased feeding of grains to beef cattle may not be a 
viable long-term GHG mitigation strategy because it ignores the importance of ruminants 
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in converting fibrous feeds into edible products, the shift in grain diversion to biofuels 
(and increased price), and the increasing priority of grains to feed a growing world human 
population.
Increasing the proportion of concentrate will lower enteric CH4 emissions per unit of 
feed intake and animal product if production remains the same or is increased, which has 
been demonstrated in the classic works of Flatt et al. (1969) and Tyrrell and Moe (1972) 
and reinforced by others (Ferris et al., 1999; Yan et al., 2000). 
In contrast with data from Sauvant and Giger-Reverdin (2009), some experiments with 
lactating dairy cows and beef cattle have shown linear decreases in enteric CH4 emissions 
with increasing the proportion of concentrate in the diet (Aguerre et al., 2011 and McGeough 
et al., 2010). In the first case, the range of concentrate inclusion was from 32 to 53 percent 
of dietary DM, and in the second from 27 to 88 percent. In the Aguerre et al. (2011) study, 
DMI was not affected by concentrate inclusion (20 to 21 kg/day), but in the beef study, 
DMI decreased quadratically (by about 10 percent) with the higher concentrate inclusion 
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(McGeough et al., 2010). In both cases, enteric CH4 production decreased by about 0.28 
g/kg DM, respectively, for every percent increase in the proportion of concentrate feed in 
the diet. For example, a reduction of about 2.8 g CH4/kg DMI was observed for a 20 to 30 
percent increase in the concentrate proportion of the diet. This reduction of 0.28 g/kg DM 
for a 1 percent increase in concentrate clearly contradicts results from the meta-analysis 
of Sauvant and Giger-Reverdin (2009). These authors predicted no change in Ym at an LI 
of 3 percent of BW if concentrate increases from 20 to 30 percent (Ym of 5.93 percent) 
whereas the relationship based on the Aguerre et al. (2011) and McGeough et al. (2010) 
studies predicted a decrease of 2.8 g CH4/kg DMI (which on average corresponds with a 
decline in Ym of 0.8 percent). There was no relationship between dietary concentrate and 
CH4 emission in a study with sheep (Moss et al., 1995). These authors included concentrate 
proportions from 0 to about 75 percent of dietary DM and did not observe any effect on 
CH4 production at maintenance level of intake, but there was a quadratic decrease in CH4 
production with the higher plane of nutrition. Although rumen stoichiometry could not 
explain the change in CH4 production, the authors argued that expressing CH4 production 
relative to the efficiency of digestion, or the efficiency of animal production, might reveal 
the potential for reduction of CH4 production by starch supplementation. 
Such widely different predictions indicate that experimental results vary considerably 
and that in order to predict the consequences of increasing concentrate proportion, more 
information on chemical composition and degradation characteristics of the dietary feed 
ingredients is necessary. 
Concentrate feeds due to higher concentration of DE than forages usually have a positive 
effect on the productivity of ruminants. Thus, increasing the proportion of concentrate in the 
diet should increase animal production and reduce enteric CH4 Ei. The effect of concentrate 
feeds on milk production in dairy cows was demonstrated by Huhtanen and Hetta (2012) in a 
meta-analysis of 986 dietary treatments from change-over and continuous trial designs. These 
authors reported a highly significant and positive relationship between dietary concentrate 
intake and production of milk, ECM, milk fat and milk protein, irrespective of trial design. 
A good example of the combined effect of concentrate supplementation and forage 
quality (i.e. forage digestibility expressed as maturity) is a recent study by Randby et al. (2012). 
In addition to no concentrate, these authors investigated the effect of three grass silage 
maturities (16.6, 14.5, and 11.3 percent CP and 47.7, 53.3, and 60.1 percent NDF; silage 
harvested at very early, early, and normal maturity) and three levels of concentrate supple-
mentation on milk production of dairy cows. Concentrate supplementation reached up to 
50 to 60 percent of DMI. Silage intake decreased with increasing grass maturity and total 
DMI increased with increasing concentrate supplementation. Energy-corrected milk yield 
decreased with increasing grass silage maturity and increased with increasing concentrate 
supplementation, most significantly up to 30 percent concentrate inclusion with little gain 
in milk production above 30 percent. However, ECM feed efficiency tended to decrease 
with increasing concentrate inclusion in the diet and was not significantly affected by silage 
maturity. A recent meta-analysis of 102 studies with lactating dairy cows found that increas-
ing dietary starch concentration (average of 27 percent, DM basis; SD = 6.1) increased milk 
yield (by 0.08 kg/day per percentage unit increase in dietary starch) but decreased milk fat 
content and ruminal and total tract NDF digestibility (Ferraretto et al., 2013). 
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Increasing the concentrate proportion in the diet above certain levels will have a neg-
ative impact on fibre digestibility (Firkins, 1997; Agle et al., 2010b), which, in addition to 
a potential loss of production, will result in increased concentration of fermentable OM 
in manure and likely increased CH4 emissions from stored manure (Lee et al., 2012a). 
A meta-analysis of 142 diets from 59 studies with lactating dairy cows concluded that 
increasing dietary concentrate (average around 40 percent of DM with min = 0 and max 
= 72 percent) increased diet OM digestibility at maintenance level of intake but, similar 
to the analysis by Ferraretto et al. (2013), linearly decreased NDF digestibility (Huhtanen 
et al., 2009b). Thus, decreased enteric CH4 production (per unit of DMI) due to increased 
inclusion of grain in the diet may be partially offset by increased manure CH4 emission from 
manure. To what extent these two processes will take place is an area that needs to be 
investigated and included in prediction models. 
Cattle can adapt to high-grain diets, with a typical example being the feedlot system 
in the United States and parts of Canada. There is, however, a significant risk in negatively 
affecting rumen and animal health and consequently, animal performance with high-con-
centrate diets. Acute ruminal acidosis can damage the ruminal and intestinal walls, 
decrease blood pH, cause dehydration (that can be fatal), and result in laminitis, polioen-
cephalomalacia and liver abscesses (Owens et al., 1998). Strategies to reduce the risk and 
impact of rumen acidosis with high-concentrate diets include: (1) using feed additives that 
buffer rumen pH or selectively inhibit lactate producing bacteria; (2) stimulating lactate 
utilizing bacteria or starch-engulfing protozoa; (3) using microbial inoculants preventing 
glucose or lactate accumulation or metabolizing lactate at lower pH; and (4) including 
higher amounts of forage and proper grain processing (Owens et al., 1998; Martin, 1998; 
Schwartzkopf-Genswein et al., 2003; González et al., 2012). 
Moreover, forage:concentrate ratio profoundly affects DEI which is the main source 
of variation in the net energy feeding systems, and DEI has long been related to the shift 
in voluntary intake restriction from gut fill to chemical factors (NRC, 2001). Therefore, as 
stated earlier, researchers should standardize and report results relative to DEI, not GEI, for 
improved feasibility in future reviews. 
Specific commodity feeds may also have an impact on CH4 emissions. In one study, bar-
ley-based diets produced more CH4 than corn-based diets (Yurtseven and Ozturk, 2009). 
As discussed earlier (see Dietary lipids), feeds with high oil content are likely to suppress 
CH4 production in the rumen. For example, due to their high oil content, whole cottonseed 
has been shown to have a CH4 mitigating effect in sheep (Arieli, 1992). A meta-anal-
ysis of a large dataset of trials with sheep (535 individual observations obtained using 
a closed-circuit respiration chambers methodology) by the Rowett Institute (Aberdeen, 
Scotland) showed that individual feeds can vary significantly in their methanogenic effects 
(Giger-Reverdin and Sauvant, 2000). The analysis classified feeds into four categories based 
on their generating potential: (1) high-CH4 producing feeds (CH4 energy > 12 percent of 
GEI): peas and fababeans; (2) medium-CH4 producing feeds (CH4 energy = 10 to 12 per-
cent of GEI): wheat, corn, barley, sorghum, sugar beet pulp, soyabean meal, potatoes; (3) 
low-CH4 producing feeds (CH4 energy = 5 to 9 percent of GEI): green gramineae, wheat 
offal, rutabaga, cauliflower, oats, maize silage, groundnut meal, grass silages, dry grasses, 
lucerne silage, straw and lucerne hay; and (4) very low-CH4 producing feeds (CH4 energy 
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< 4 percent of GEI): distillers grains. It was concluded that lignin was the best predictor of 
CH4 losses, and a model including DEI and chemical parameters, such as ether extract (EE), 
starch (St), CP and NDF (expressed as g/kg DM), explained over 90 percent of the variation 
in CH4 emission (Giger-Reverdin and Sauvant, 2000):
CH4 energy/GEI = – 10.5 + 0.192DEI/GEI – 0.0567EE + 0.00651St + 0.00647CP + 
0.0111NDF (R2 = 0.92)
To investigate the relationships among dietary nutrients and enteric CH4 production, the 
authors of the present document developed prediction equations and identified key animal 
and dietary characteristics that determine enteric CH4 production in cattle. Data for this 
analysis consisted of indirect calorimetric records of lactating and non-lactating cows (for 
details see Moraes et al., 2013). 
Model development was conducted in a meta-analytical manner by treating study effect 
as random. A cross-classified random effect was also estimated because animals were used 
in multiple studies. The statistical models were implemented in WinBUGS, using a Bayesian 
framework in which minimally informative priors were assigned for all parameters. Due to 
the uncertainty of model structure, a trans-dimensional modelling technique was imple-
mented through the use of a reversible jump Markov Chain Monte Carlo method selecting 
best covariates to be used in the CH4 prediction equations. Diet characteristics (fibre frac-
tions, CP, EE and lignin), animal information (BW, breed), GEI and year of the study were 
used as possible covariates that could be selected with equal probability. 
The following equations were developed (CH4, expressed as CH4 GE Mcal/day; GEI, 
Mcal/day; NDF, percent NDF in the diet, DM basis; EE, percent ether extract in the diet, 
DM basis; BW, kg): 
•	 Lactating cows: CH4 (GE Mcal/day) = 0.37 (0.37) + 0.0392 (0.0015) GEI (Mcal/
day) + 0.0189 (0.0077) NDF (percent) – 0.156 (0.034) EE (percent) + 0.0014 
(0.0003) BW (kg)
•	 Dry Cows: CH4 (GE Mcal/day) = 0.45 (0.13) + 0.0503 (0.0014) GEI (Mcal/day) – 
0.0556 (0.015) EE (percent) + 0.0008 (0.0002) BW (kg)
•	 Heifers and steers: CH4 (GE Mcal/day) = – 0.056 (0.122) + 0.0447 (0.0028) GEI 
(Mcal/day) + 0.0039 (0.0018) NDF (percent) – 0.033 (0.019) EE (percent) + 0.00141 
(0.00014) BW (kg)
These equations may be useful for predicting changes in enteric CH4 production in 
dairy cattle triggered by changes in diet ingredient composition, concentrate proportion 
and forage quality.
Although empirical equations may have limited applicability for inventory purposes, 
they have major limitations in predicting effects of mitigation strategies. A more detailed 
prediction based on characteristics of dietary ingredients will give better insight into mit-
igation options. For example, Ellis et al. (2010) concluded from a thorough analysis of 
various empirical prediction equations against independent data that the low prediction 
accuracy of CH4 equations in whole farm models may introduce substantial error into 
inventories of GHG emissions at the farm level and lead to incorrect mitigation recom-
mendations. 
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Mechanistic models that describe the mechanism of CH4 production based on knowl-
edge of degradation processes in the rumen and type of VFA formed give better predictions 
than empirical models (e.g. Alemu et al., 2011) and might provide insight into possible 
mitigation options. Indeed, a mechanistic model is now used for GHG inventory purposes 
in the Netherlands as an IPCC Tier 3 alternative to the IPCC Tier 2 fixed Ym approach to 
estimate CH4 production of dairy cattle. Unlike the Tier 2 approach, the Tier 3 approach 
does show different behaviour in CH4 production in the past two decades when compared 
with the Tier 2 method because the mechanistic model is capable of representing changes 
in CH4 production that result from changes in diet composition that occurred over these 
two decades (Bannink et al., 2011).
One has to keep in mind that, globally, most ruminants consume forages which are 
often grazed and vary from very good to very poor quality. In these situations, addition of 
grain or even level of intake may have little relevance to CH4 emissions. In some studies 
from developing countries, 10 percent concentrate supplementation of a poor-quality for-
age diet (sorghum with about 9 percent CP and 31 to 32 percent crude fibre) increased 
ADG of cattle and buffalo (Khanum et al., 2010). Although these authors reported 10 to 14 
percent reduction in enteric CH4 production, the results must be interpreted with caution 
because CH4 production was not directly measured but estimated from VFA concentrations, 
which is a questionable approach (Robinson et al., 2010). More studies with poor-quality 
forages are needed to elucidate the effect of concentrate supplementation and/or forage 
processing on enteric CH4 emission.
Overall, the inclusion of concentrate feeds in the diet of ruminants will likely decrease enteric 
CH4 emission intensity, particularly when inclusion is above 35 to 40 percent of DMI, but 
the effect will depend on inclusion level, production response, effects on fibre digestibility, 
rumen function, and milk fat content, plane of nutrition, type of grain and grain processing. 
Supplementation with small amounts of concentrate feeds will likely increase animal produc-
tivity and thus decrease GHG emission intensity, although absolute CH4 emissions may not be 
reduced. In spite of these potential gains, concentrate supplementation cannot be a feasible 
substitute for high-quality forage for ruminants. In addition, in many parts of the world, this 
may not be an economically feasible and socially acceptable mitigation option. Several compre-
hensive meta-analyses have produced equations based on animal characteristics, feed intake 
and diet composition that may be useful in predicting the effect of concentrate feed supple-
mentation on CH4 emissions from dairy cattle.
Forage quality and management
An important feed characteristic that can impact enteric CH4 production is forage quality, 
specifically its digestibility. As noted by the classic work of Blaxter and Clapperton (1965), 
increased intake of poor-quality, less digestible feeds has little effect on CH4 production 
when expressed on a DM intake basis. For feeds with higher digestibility, however, increased 
intake results in a depression in the amount of CH4 produced per unit of feed consumed. 
Moreover, it decreases CH4 produced per unit of product by diluting maintenance energy. 
Forage quality, level of concentrate, diet digestibility and feed intake are interrelated 
and directly affect enteric CH4 production in the rumen. Forages are the feed ingredients 
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with the largest variability in composition and have the largest impact on diet digestibility. 
Factors, such as plant species, variety, maturity at harvest and preservation can all affect 
forage quality and digestibility. 
Lignin is the key element that limits forage cell-wall digestibility; as the plant matures, 
phenolic acids and lignin are deposited and cross-linkage of lignin and cell-wall polysaccha-
rides are formed by ferulic acid bridges limiting polysaccharide digestibility by the animal 
(Jung and Allen, 1995). Concentration of NDF (and ADF) also increases with increasing 
maturity of the plant as its digestibility decreases. Dietary fibre concentration is one of the 
factors determining feed intake in ruminants. 
Feed intake is a critical factor for improving animal productivity, feed efficiency and 
GHG emissions (both CH4 and N2O). Mertens (1994) and Allen (2000) have discussed in 
detail feed intake regulation in ruminants. There are a number of physical (palatability 
and fill limitation) and physiological (rumen propionate production) factors that control 
feed intake. According to Mertens (1994), feed intake is affected by management (animal 
handling, feed accessibility, frequency of feeding, method of feed presentation), feed (feed 
palatability, feed physical properties, such as processing, chemical composition, nutrient 
availability, plant species, etc.), and animal (capacity to ingest food, appetite and energy 
demand) factors. Dietary NDF concentration is among the most important regulators of 
feed intake through the so-called fill limitation mechanism (Mertens, 1994). Thus, NDF 
content of the diet and NDF intake are critical for achieving optimum animal productivity 
and minimizing GHG emissions. 
Forages vary significantly in their NDF content and NDF digestibility. Grasses, for exam-
ple, have higher cell-wall (NDF) content and NDF is generally more digestible than legumes. 
As pointed out by Jung and Allen (1995), plant improvement for grasses should target a 
reduction in cell-wall concentration, while improved cell-wall digestibility should be the 
selection target for legume forage species. Within grasses, C3 (“cool season”) grasses are 
more digestible than C4 (“warm season”) grasses (Reid et al., 1988), with the latter having 
higher concentrations of lignin p-coumarate esters (Jung and Allen, 1995). However, forage 
composition must be considered within the context of the whole diet. 
Broderick et al. (2002), for example, compared ryegrass silage vs alfalfa silage as part 
of total mixed ration (TMR) for lactating dairy cows. The diets were isonitrogenous and 
contained a similar amount of NDF, but the alfalfa silage diet had greater concentration of 
total and indigestible ADF. Feed intake was much higher with the alfalfa silage diet (about 
50 percent higher; feeding was ad libitum), which resulted in 15 percent greater milk pro-
duction but much lower feed efficiency (1.65 vs 2.15 kg/kg, respectively). Fibre digestibility 
was also considerably higher with the grass silage diet (about 50 percent higher). Thus, 
forage composition and digestibility must be considered as part of the whole diet, along 
with its effect on feed intake and animal production, all which can have an impact on GHG 
emissions from the rumen, manure or manure-amended soil.
The enteric CH4 database compiled for the current analysis contained numerous refer-
ences on effects of forage quality, pasture management and processing on CH4 production 
in various species. The experimental treatments varied widely among studies, and com-
parison of different forages or supplementation strategies also included the confounding 
effects of digestibility on enteric CH4 emissions. In general, enteric CH4 reductions are 
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correlated with greater nutrient quality and digestibility, two attributes for which forage 
type and maturity might be indicators. Grazing management might be used as a potential 
mitigant through optimizing pasture maturity, allowing for adequate pre-grazing herbage 
mass or intensive grazing. The impact on enteric CH4 mitigation, when scaled per unit of 
animal product, should be greater when animals consume higher quality forage. 
Harvesting forage at an earlier stage of maturity increases its soluble carbohydrate con-
tent and reduces lignification of plant cell walls thereby increasing its digestibility (Van Soest, 
1994) and decreasing enteric CH4 production per unit of digestible DM (Tyrrell et al., 1992; 
Boadi and Wittenberg, 2002). A study from western Canada (Ominski et al., 2006) using 
the SF6 technique demonstrated that growing beef cattle consuming all-forage diets dur-
ing the winter feeding period will lose 5.1 to 5.9 percent of the feed GEI as CH4. In some 
cases, however, these losses can be as high as 10 to 11 percent of GEI with low-input grass 
pastures, which is much higher than the average Ym factor of 6.5 percent used by IPCC 
(2006a). Grazing management, improving pasture quality and supplemental feeding during 
the cow-calf stage have been shown to contribute to reducing duration of this phase of a 
beef cattle cycle that produces up to 80 percent of the GHG in the typical North American 
beef production system (Beauchemin et al., 2011). 
In a modelling study with breeding beef cattle, higher forage digestibility lowered DM 
intake because the cattle required less feed to meet their energy requirements, which in 
turn decreased GHG emissions by 5 percent (Beauchemin et al., 2011). Interestingly, how-
ever, Pinares-Patiño et al. (2003) reported no effect of stage of maturity of timothy (early 
vegetative, heading, flowering and senescence) on CH4 emissions from Charolais cows.
However, results on forage quality are often contradictory. Hart et al. (2009), for exam-
ple, reported no difference in enteric CH4 production when corrected for intake or rumen 
fermentation variables from beef cattle offered a high- or low-digestibility sward. Corn 
silage maturity did not affect CH4 emissions in a study by Nishida et al. (2007). 
An interesting meta-analysis by Archimède et al. (2011) investigated differences in CH4 
production by C3 vs C4 grasses and warm and cold climate legumes. The database con-
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tained 22 in vivo studies with a total of 112 observations. The authors used only studies in 
which 100 percent forage diets were fed and included tannins as a main factor in the leg-
ume model. The conclusion of this analysis was that ruminants fed C4 grasses produced 17 
percent more CH4 (per kg of OM intake) compared with animals fed C3 grasses, and animals 
fed warm climate legumes produced 20 percent less CH4 than animals fed C4 grasses. This 
is not entirely surprising because, on average, C4 grasses in the database had about 16 per-
cent higher NDF content than C3 grasses (64.6 vs 55.7 percent, respectively), and the greater 
methanogenic potential of structural vs non-structural carbohydrates is well-documented 
(Moe and Tyrrell, 1979). There was no difference in CH4 production between C3 grasses 
and cool-season legumes. Based on this, the authors recommended use of legumes in warm 
climates as a strategy to reduce CH4 emissions. Although legumes can have a CH4 mitigation 
potential, problems of low persistence in pastures and the need for long establishment peri-
ods are important agronomic constraints to widespread use of legumes in a warm climate. 
Unquestionably, increasing the quality, or digestibility, of forage will increase produc-
tion efficiency and this will likely result in decreased enteric CH4 emissions intensity. Keady 
et al. (2012) recently provided a comprehensive review of the effects of silage quality on 
animal performance in various production systems in Ireland. These authors concluded 
that a 10 g/kg increase in digestible OM concentration of grass silage DM could increase:
1. Daily milk yield of lactating dairy cows by 0.37 kg;
2. Daily carcass gain of beef cattle by 28 g/head;
3. Daily carcass gain of finishing lambs by 10 g/head;
4. Lamb birth weight by 0.06 kg; and
5. Ewe weight post lambing by 1.45 kg. They also pointed to the critical effect of 
maturity on grass silage digestibility; each one week delay in grass harvest reduced 
digestibility by 3 to 3.5 percent units. 
An important factor that has not been discussed at length in the current document is 
forage preservation. There are comprehensive reviews on silage preservation, preservatives 
and silage best management practices15 that discuss the importance of proper silage man-
agement for improving animal performance. The conclusion is that digestible DM lost at 
harvest or in the silo due to normal fermentation losses, will translate into reduced animal 
performance and increased GHG Ei. 
Silage preservatives in general, and bacterial inoculants in particular, are of critical 
importance for preserving forage nutrients and consequently promoting production 
responses (Muck, 2012). In their review, Keady et al. (2012) concluded that the use of 
bacterial inoculants across a wide range of ensiling conditions and of formic acid under 
difficult ensiling conditions is expected to increase animal performance. Furthermore, there 
is indication that silage lactic acid bacteria-based inoculants may survive in the ruminal 
environment and perhaps positively affect fermentation, for example, buffering rumen pH 
and oxygen scavenging (Weinberg et al., 2003; Hindrichsen et al., 2012). 
Some silage lactic acid bacteria strains, Lactobacillus plantarum, have been shown 
to reduce CH4 production from ensiled TMR (Cao et al., 2010). Another study from the 
same group, Cao et al. (2011), reported similar results with the same inoculant strain and 
vegetable residue silage. Increased biomass with inoculated corn and alfalfa silages was 
15 See Gordon (1989); Spoelstra (1991); Muck (1993); and Charmley (2001).
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reported by Contreras-Govea et al. (2011). In some cases, even if silage fermentation was 
not affected, silage inoculants appeared to trigger animal production responses (Weinberg 
and Muck, 1996). An animal trial with one of the inoculants consistently resulting in ani-
mal production responses (L. plantarum MTD/1) showed increased milk production with 
the inoculated alfalfa silage, improved N utilization and likely increased microbial protein 
synthesis in the rumen, compared with the untreated silage (Muck et al., 2011). Real-time 
polymerase chain reaction (PCR) found elevated levels of L. plantarum in the rumens of 
cows consuming the inoculant-treated silage (Mohammed et al. 2012).
Some studies have indicated reduced enteric CH4 production with corn vs grass silag-
es. A report by the United Kingdom Department for Environment, Food and Rural Affairs 
(DEFRA, 2010) indicated a 13 and 6 percent reduction in CH4 per unit of DMI and per unit 
of milk output, respectively, when feeding a 25:75 grass silage:corn silage diet compared 
with a 75:25 grass silage:corn silage diet. Urinary N excretion also tended to be reduced 
with the higher corn silage diet. The high corn silage diet tended to increase milk yield (by 
about 4 percent, which resulted from increased feed intake), although the difference was 
not statistically significant. Another comparison of corn vs grass silage reported similar 
results (Doreau et al., 2012). 
A comprehensive overview of the various aspects of feeding corn vs legume vs grass 
silages for lactating dairy cows was recently offered by Dewhurst (2012). From this review 
it appeared that the lower fibre content and higher passage rates of legumes should result 
in decreased CH4 production compared with grasses, which was reported in earlier studies 
(Waghorn et al. 2006; McCaughey et al. 1999) and recently by McCartney et al. (2012) 
using a methanogen marker (archaeol). These results, however, have to be confirmed in 
animal production studies which has not been the case with diets with relatively low inclu-
sion of legumes (e.g. 40 percent) of the forage mixture (Van Dorland et al., 2008). 
As pointed out by Dewhurst (2012), the specific case of GHG emissions from silages 
with inhibited fermentation, typically acid-preserved, is complicated by the increased enter-
ic CH4 production with the inhibited fermentation silage (vs extensively fermented silage; 
Cushnahan et al., 1995). Overall, Dewhurst (2012) concluded that corn silage-based diets 
are expected to result in greater DMI and milk production in dairy cows and similar trends, 
although less conclusive, have been reported for legume vs grass silages. 
There is little research on the effect of different silages on enteric CH4 production and 
whole-farm GHG emissions. Although corn silage, due to its greater starch content, is 
expected to reduce enteric CH4 production, this has not been demonstrated in animal trials 
and, as pointed out by Dewhurst (2012), more research is needed to elucidate the effect of 
various silages on CH4 production, particularly in the case of legume silages that have the 
additional benefit of reducing C intensity of production by replacing inorganic N fertilizer. 
The potential increase in total C footprint due to change in land use and increased fertilizer 
inputs associated with corn silage production vs permanent pasture should be also consid-
ered (Vellinga and Hoving, 2011; Van Middelaar et al., 2012). 
Corn silage inclusion in alfalfa silage-based diets for dairy cows can also improve animal 
production (Dhiman and Satter, 1997; Groff and Wu, 2005) and N efficiency (Wattiaux 
and Karg, 2004), which might lead to decreased N losses in urine and N2O emissions from 
manure application. In traditional grass silage-based production systems, such as in Ireland 
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for example, corn silage has been shown to increase performance of finishing beef cattle 
and lambs under a certain crop management scenario (complete cover plastic mulch sys-
tem; Keady et al., 2012). Other alternative crops, such as whole crop wheat silage, have not 
been beneficial, but studies with silage legumes have demonstrated improvements in ADG, 
food conversion and N use efficiency in lambs offered red clover, alfalfa and kale silages 
compared with those offered traditional ryegrass silage (Keady et al., 2012).
Pasture management can also be an important CH4 mitigation practice. DeRamus 
et al. (2003) demonstrated that management-intensive grazing offered a more efficient 
use of grazed forage crops and more efficient conversion of forage into meat and milk, 
which resulted in a 22 percent reduction of projected CH4 annual emissions from beef 
cattle. In other studies, however, stocking rate of heifers on pasture did not have an effect 
on CH4 emissions (Pinares-Patiño et al., 2007). 
The effects of pasture composition on enteric CH4 emissions have been extensively 
studied, particularly in countries in which the production systems are pasture-based, but the 
effect does not appear to be consistent. A study from Canada (McCaughey et al., 1999) 
reported lower enteric CH4 losses in beef cattle grazing alfalfa-grass pastures than in cows 
grazing grass-only pastures. Earlier studies by Waghorn et al. (2002) showed sheep fed white 
clover, Lotus pedunculatus, and other legumes had much lower CH4 yields (12 to 16 g CH4/
kg DMI in the case of white clover) compared with sheep fed ryegrass at 21 g CH4/kg DMI. 
In another study from the same region, increasing the proportions of white clover (vs 
perennial ryegrass) resulted in linear increase in DMI and reduction in CH4 production per 
kg DMI (Lee et al., 2004). Yields of milk and milk solids also increased as the proportion 
of white clover increased from 0 to 60 percent. These data, however, were not confirmed 
by Hammond et al. (2011), who reported no difference between white clover and ryegrass 
on CH4 yield in sheep. Methane yields for both forages declined by 6.3 ± 1.50 g CH4/kg 
increase in DMI and the reduction in CH4 yield was about 4.2 g CH4/kg DMI for each mul-
tiple of ME for maintenance intake increase, which again emphasizes the importance of 
increasing animal productivity to reduce CH4 output per unit of product. As stated by these 
authors, the relationship between forage intake and CH4 yield per unit of DMI requires 
more investigation because it offers an opportunity to lower CH4 emissions and at the same 
time increase animal productivity.
There has been moderate interest in the so-called “high-sugar grasses” (HSG; perennial 
ryegrass diploids with elevated concentrations of water-soluble carbohydrates) as a tool 
for mitigating the environmental impact of livestock. A recent review (Parsons et al., 2011) 
concluded that “a considerable amount of research is needed to demonstrate a consist-
ently high expression of the trait and to demonstrate reliably the potential for yield gains 
and reduced N loss. Associated reductions in N2O emissions (a potent GHG) are yet to be 
confirmed. Even more uncertain is the prospect for reducing CH4 emissions, whether per 
hectare or per unit energy intake or animal product”. The authors further indicated that, 
“The trait remains one of very few low-cost tools being investigated for its potential to 
mitigate the environmental footprint of livestock production”. 
Similar efforts are under way in Australia with high-fructan grasses or pasture with 
increased digestibility (http://www.dairyfuturescrc.com.au/improving-pastures/dayesign-
er-grasses.htm; accessed on 11 May 2012). In the United States, research with so-called 
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AM and PM hay (i.e. hay harvested in the morning or in the afternoon with low- and 
high-sugar content, respectively) has demonstrated that animals (sheep or cattle) have a 
preference for PM hay (due to its higher sugar content; Burritt et al., 2005; Shewmaker 
et al., 2006), which in a Canadian study increased milk yield of dairy cows (Brito et al., 
2008). However, there was no effect on intake or milk production of dairy cattle when 
allocated to fresh grass in the morning or afternoon in a study by Abrahamse et al. (2009). 
High-sugar forages can reduce N excretions with urine and potentially have a measur-
able impact on NH3 (and N2O) emissions from manure. Miller et al. (2001) reported that 
dairy cows on a high-sugar perennial ryegrass variety excreted a remarkable 29 percent 
less urinary N, and the summary of the literature by Parsons et al. (2011) suggested similar 
effects, although to a lesser extent. 
Limited research has been conducted to date to determine the effect of high-sugar 
forages on enteric CH4 production. A study with lambs utilizing three mixed-cultures of 
high water soluble carbohydrate perennial ryegrass varieties with or without white clover 
reported a 20 to 25 percent decrease in CH4 emissions when expressed per unit of DMI 
or ADG (DEFRA, 2010). In another study from the same group, absolute CH4 emissions 
were reduced (by about 24 percent) compared with the control grass; ADG in this trial was 
also increased (by about 30 percent) for the high-sugar grass mixture. The conclusion was 
that high-sugar grasses have the potential to increase the efficiency of microbial growth in 
the rumen, leading to an improved capture of feed N into microbial protein and diverting 
hydrogen away from CH4 production and into microbial cells (DEFRA, 2010). 
On the other hand, a recent simulation effort suggested that high-sugar grasses may 
actually increase CH4 emissions, but this depends on the diet composition (for example, if 
sugars replace CP, NDF, or both), DMI and the units chosen to express CH4 emissions (Ellis 
et al., 2012a). Although these results are inconclusive, they are in line with experimental 
evidence by Hindrichsen et al. (2005). The latter fed dairy cattle diets in which the con-
centrates were either rich in lignified or non-lignified fibre, pectin, fructan, sugar or starch. 
Multiple regression analysis suggested that digested sugar enhances enteric methanogen-
esis compared with all other digested nutrients.
In many pasture-based production systems, the most benefit in terms of GHG emis-
sions reduction can be achieved if combinations of mitigation practices are adopted. For 
example, mitigation “packages” for the cow-calf stage of rangeland beef production sys-
tems in Latin America might include: introducing of improved grass and legume species, 
strategic concentrate supplementation, improving access to water, reducing the distance 
animals have to walk, rotational grazing, planting trees for shelter, improving animal 
health and improving reproductive management (i.e. reducing the unproductive period 
of an animal’s life). As an example, the improvement of just 30 million ha of grasslands 
(i.e. less than 10 percent of the total grassland area in Latin America) by introduction of 
species with higher productivity and feeding quality would increase production by 4 to 5 
Mt of beef per year and a reduction of more than 100 Mt CO2-eq/yr in GHG emissions, 
measured in terms of intensity (equivalent to 10 percent of current total livestock emis-
sions in the region), plus the sequestration of C in soil of another 100 Mt CO2/yr over a 
period of 20 to 30 years (Daniel Martino, Executive Director, Carbosur, Uruguay; personal 
communication, 2012). 
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Overall, increased forage digestibility is expected to increase animal production and 
decrease enteric CH4 emission intensity. Compared with C3 grasses, C4 grasses produce 
greater amount of enteric CH4  and it appears that introduction of legumes in warm cli-
mates may offer a mitigation opportunity, although low persistence and a need for long 
establishment periods are important agronomic constraints. Enteric CH4 emission may be 
reduced when corn silage replaces grass silage in the diet. Legume silages may also have 
an advantage over grass silage due to their lower fibre content and the additional benefit 
of replacing inorganic N fertilizer. With all silages, effective preservation will improve silage 
quality and reduce GHG emission intensity. Forage with higher sugar content (high-sugar 
grasses or harvested in the afternoon) may reduce urinary N losses and consequently, N2O 
emission from manure applied to soil, although more research is needed to support this 
concept. The best mitigation option in this category is to increase forage digestibility in 
order to improve intake and animal productivity, thus reducing overall GHG emissions from 
rumen fermentation or stored manure per unit of animal product.
Feed processing
Feed processing for ruminant or non-ruminant farm animals is aimed at increasing feed 
ME, intake and animal productivity. In ruminants, forage particle size reduction, through 
mechanical processing or chewing, is an important component of enhancing forage digest-
ibility, providing greater microbial access to the substrate, reducing energy expenditures 
and increasing passage rate, feed intake and animal productivity. Forage processing must 
be balanced between enhancing passage rate to increase intake and utilization of easily-di-
gestible nutrients, which may not be easy to achieve for lower-quality feeds. In addition, 
the economics of processing must be considered. Processing of whole-crop corn for silage, 
for example, enhances silage quality and reduces DM losses, increases both starch and fibre 
digestibility, and results in increased milk yield in dairy cows (Johnson et al., 1999), factors 
that offset silage processing costs. Processing, through its effect on digestibility, energy 
losses and passage rate can also be an effective enteric CH4 mitigation practice (although 
it may be economically infeasible in some production systems). Hironaka et al. (1996), for 
example, showed that pelleting of alfalfa can reduce CH4 production, but this was not 
economically feasible due to increased production costs and was likely to be not particularly 
environmentally friendly due to increased energy input.
Grain processing can be a key factor in improving feed efficiency and reducing GHG 
emissions from livestock operations. Corn processing can have a significant impact on 
starch gelatinization and digestibility, although the relationship may not be linear (Svihus 
et al., 2005). Summarizing the corn (and sorghum) processing literature, Theurer et al. 
(1999) reported increased total tract starch digestibility of steam-flaked vs steam-rolled 
corn grain. This improvement in digestibility resulted in an approximately 6 percent 
increase in milk yield in dairy cows at similar DMI, which would translate into improved 
feed efficiency. A recent study by Hales et al. (2012b) with steers in respiration calorimetry 
chambers compared dry-rolled vs steam-flaked corn and reported increased digestibility 
and about 17 percent less CH4 emission (per unit of DMI) with the latter treatment. Per 
unit of DEI, CH4 energy was decreased by 21 percent (3.30 vs 4.18 percent) and Ym was 
decreased by about 19 percent (2.47 vs 3.04 percent) by steam-flaking. Although these 
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effects are logical, grain processing may interact with fibre digestibility. Based on an exten-
sive meta-analysis, Firkins et al. (2001) concluded that grain processing to enhance starch 
digestibility in the rumen will have a negative effect on NDF digestibility. Compensatory 
postruminal starch digestion may result in relatively similar total tract OM digestibility, thus 
diminishing the benefits of grain processing on ruminal starch digestion. Starch degrada-
bility in the reticulo-rumen results in substantial losses of feed GE (Harmon and McLeod, 
2001) and thus, energetically, starch digestion in the small intestine is a more efficient 
process (Harmon et al., 2004). Ruminal degradability of starch may be up to 75 to 80 per-
cent (Harmon et al., 2004). Up to 85 percent (Huntington, 1997), or an average of 35 to 
60 percent (Harmon et al., 2004), of the starch entering the duodenum may be potentially 
digestible in the small intestine. Another 35 to 50 percent of the starch that escapes small 
intestinal digestion may be further degraded in the large intestine (Harmon et al., 2004). 
The capacity to digest starch in the intestine, however, is limited by the supply of pan-
creatic amylase and increasing starch flow to the small intestine (as with under-processed 
grain) may result in decreased total tract starch digestibility (Theurer, 1986; Huntington, 
1997). In dairy cows, ruminal starch degradability was approximately 75 percent at low 
starch intakes and decreased to 60 percent when cows consumed above 4 kg/day starch 
(Patton et al., 2012). 
An example of the importance of optimal grain processing for achieving maximum 
animal performance can be seen with barley grain fed to feedlot cattle. Barley’s starch- and 
protein-laden endosperm is surrounded by a pericarp encased in a fibrous hull, both of 
which are extremely resistant to damage by chewing and microbial degradation, so the 
grain must be processed for inclusion in cattle diets (Beauchemin et al., 1994). However, 
barley might lack kernel uniformity, which becomes a major concern for efficiency of rolling. 
Commercial feedlots commonly blend barley with a light bushel weight with heavier bushel 
weight barley to create a mid-weight barley mix that is more marketable. Although blending 
produces what is perceived to be a higher quality product, it actually reduces kernel uni-
formity and makes the achievement of optimal processing more difficult. Up to 25 percent 
of the faeces in southern Alberta feedlots (a primary feedlot cattle production area in Can-
ada), for example, were found to contain undigested barley grain (Beauchemin and Rode, 
1999). This means that a considerable amount of the feed nutrients are lost in manure. 
Recently, Yang et al. (2012) examined the ability of precision processing16 to overcome 
the problem of inadequate processing due to poor kernel uniformity. Precision processing 
was compared with conventional processing (i.e. blend of light and heavy barley and rolling 
with one roller setting). Feed intake and digestibility were improved with precision process-
ing, ADG of cattle was predicted to be improved, and feed conversion ratio (feed per gain) 
was reduced from 6.3 to 5.8 kg/kg with steers fed the precision-processed feed compared 
with steers fed conventionally-processed barley. Consequently, it was estimated that cattle 
would stay in the feedlot 25 days less and save 163 kg feed per animal by feeding the pre-
cision processed barley grain. The reduction of CH4 emissions from this particular example 
would be significant. 
However, as discussed earlier in the section on Concentrate inclusion, the effect of grain 
processing may depend on the level of inclusion in the diet. When the precision processed 
16 Roller settings are adjusted according to the degree of kernel uniformity.
Mitigation of greenhouse gas emissions in livestock production56
barley grain from Yang et al. (2012) was fed to lactating dairy cows at lower inclusion rate, 
there was no improvement in feed intake, digestibility or cow productivity. 
The processing of grain to increase its digestibility is likely to reduce enteric CH4 production per 
unit of animal product. Caution should be exercised that this does not result in decreased fibre 
digestibility. This mitigation practice may not be economically feasible in low-input production 
systems, but minimal processing is recommended, so the grain energy is better utilized for 
animal production.
Mixed rations and feeding frequency
Very little research is available on the effect of feeding system, i.e. component or choice 
feeding forage and concentrates vs TMR on CH4 production. The advantages of complete 
rations (i.e. TMR) have been discussed (Coppock, 1976) with perhaps the biggest advantages 
being a more precise nutrient allocation and a more precise feeding of micro-nutrient supple-
ments. Nocek et al. (1986) fed dairy cows forage and concentrates separately or as TMR and 
observed higher fat-corrected milk efficiency with the separate feeding system due to lower 
feed intake. This kind of research is important to determine feeding regimes that improve 
feed efficiency, lower CH4 emissions and decrease feed costs for developing countries. 
Maekawa et al. (2002) did not report any differences in feed intake or milk production 
and composition of dairy cows fed ingredients as a TMR or separately. They concluded that 
the latter increased the risk of acidosis, because cows ate a greater proportion of concentrate 
than intended (overall rumen pH tended to be lower when compared with the 50 percent 
forage/50 percent concentrate TMR). Yurtseven et al. (2009) fed sheep a diet as a TMR or free 
choice (i.e. components of the diet fed separately) and reported decreased CH4 production 
(per animal and per unit of DMI) with the free choice feeding system. However, these data are 
questionable because the published chemical analysis of the diets showed higher NDF and 
lower fat content of the TMR system, which would explain the differences in CH4 production. 
A study by Bargo et al. (2002) compared three feeding systems for lactating dairy cows: 
(1) pasture plus concentrate,  (2) pasture plus TMR (supplementation of pasture with 
a TMR, i.e. partial TMR), and (3) TMR (non-pasture). Cows fed TMR consumed more feed 
and produced more milk than cows fed pasture or partial TMR. Feed efficiency estimated 
from the published data was higher for TMR compared with pasture and partial TMR (1.37 
vs 1.25 and 1.23 kg FCM/kg DMI). 
Some non-traditional approaches, such as fermenting the TMR before feeding, appear 
effective in mitigating enteric CH4 (Cao et al., 2010), hypothetically through increased 
lactate intake and conversion of lactate to propionate in the rumen. Apparently, this is a 
common practice in Japan, aimed at preserving TMR with high inclusion rate of wet feeds. 
Reports have indicated that ensiled TMR has greater aerobic stability due to lactic acid 
fermentation (Nishino and Wang, 2012), which is in line with the reported decreased CH4 
production by Cao et al. (2010). 
Very few studies have investigated the effect of feeding frequency on enteric CH4 emis-
sion. The reason for including this discussion in relation to CH4 emission is that synchro-
nization of energy and protein availability in the rumen has long been proposed as a tool 
for optimizing rumen function and maximizing microbial protein synthesis. An extensive 
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discussion of this topic was published in Hristov and Jouany (2005), who concluded that 
there was not enough evidence to support the practicality of the synchronization concept. 
Some of the earlier studies investigated the effect of feeding frequency from the 
perspective of optimizing carbohydrate fermentation in the rumen. Mathers and Walters 
(1982), for example, fed sheep every two hours and concluded that, even with frequent 
feeding there was considerable deviation from steady state in the rate of carbohydrate 
fermentation in the rumen. Methane production increased rapidly, within 30 minutes, after 
feeding and then decreased until the next two-hour cycle. 
A series of trials in the 1980s from the laboratory of M. Kirchgessner in Germany found 
that frequent feeding did not improve dietary energy use but did increase CH4 emission 
when concentrate was fed more often and separately from forage or with higher CP diets 
(Muller et al., 1980; Röhrmoser et al., 1983). 
More recently, feeding frequency had no effect on CH4 production in dairy cows 
(Crompton et al., 2010). Cows do tend to consume more feed when it is freshly delivered 
(DeVries and von Keyserlingk, 2005), but in the Crompton et al. (2010) study, in the once 
per day feeding treatment, CH4 production peaked at 140 minutes after feeding and stead-
ily decreased (at a rate of −0.0007/min) thereafter. 
The literature on the effect of feeding frequency on animal production is also scarce. 
Dhiman et al. (2002), for example, did not report any production advantage of feeding lac-
tating dairy cows once or four times daily. In some cases, milk production of dairy cows was 
reduced with frequent feeding, and this was attributed by the authors to more frequent 
handling (Phillips and Rind, 2001). 
There is little evidence of beneficial effects of synchronizing energy and protein delivery or 
frequency of feeding on ruminal fermentation and specifically CH4 production. Feeding of 
total mixed rations may have some advantages over component feeding in stabilizing ruminal 
fermentation and dry matter intake.
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intensive dairy production system in the western united States utilizing mixed rations  
(open-lot type dairy)
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Precision feeding and feed analyses
The original term “precision agriculture” was coined in relation to plant nutrition, namely 
“a series of technologies that allow the application of water, nutrients and pesticides only 
to the places and at the times they are required, thereby optimizing the use of inputs” (Day 
et al., 2008; Godfray et al., 2011). In animal nutrition, precision feeding may have different 
dimensions, but from a practical standpoint and farm sustainability perspective it refers to 
matching animal requirements with dietary nutrient supply. 
Accurate prediction of animal requirements and accurate feed analyses go hand-in-
hand with minimizing feed waste, maximizing production and minimizing GHG emissions 
per unit of animal product. The importance of not overfeeding protein to reduce NH3 and 
N2O emissions from manure is discussed in the following sections. Precision feeding would 
likely have an indirect effect on enteric CH4 emission through maintaining a healthy rumen 
and maximizing microbial protein synthesis, which is important for maximizing feed effi-
ciency and decreasing CH4 emission per unit of product. 
As discussed in the following sections, simulation analyses have raised the possibility of 
increasing enteric CH4 production per unit of DMI if dietary protein is replaced with carbo-
hydrates. It is also possible that CH4 emissions from stored manure may increase if rumen N 
availability is below the needs for optimal rumen function, resulting in increased excretion 
of fermentable OM (NDF, starch) in manure. 
Precision feeding requires feed resources, equipment and management discipline in 
intensive animal production systems. It may be impossible to achieve in subsistence ani-
mal production systems in many developing countries where the majority of subsistence 
farmers do not keep livestock solely for the production of meat or milk, and consequently, 
livestock are often maintained at maintenance on crop or household residues. In addition, 
for those subsistence and extensive farmers specializing in animal production, lack of 
understanding of the nutrient requirements of native, multi-purpose breeds of animals, 
lack of consistent quality feed resources, and lack of easily accessible and affordable feed 
analysis services, hampers precision feeding. 
Nevertheless, there are examples of the positive effects of proper diet formulation on 
animal productivity and enteric CH4 mitigation in developing countries. In a field exper-
iment in India (Gujarat state), Kannan and Garg (2009) balanced diets for lactating buf-
faloes and cows (replacing energy with protein) resulting in a significant decrease in CH4 
emission from both species and at the same time an increase in milk production and milk 
fat content (at similar DMI). In a later study from the same group, Kannan et al. (2011) 
balanced the ration of lactating crossbred cows for CP, Ca, and P and reported increased 
milk yield and reduced CH4 production. Calculated microbial N supply was also significant-
ly increased after balancing the ration. 
Garg et al. (2012) documented remarkable progress in animal performance utilizing a 
programme to feed balanced rations to lactating cows (n = 540) and buffaloes (n = 1 131) 
in India. Evaluation of the nutritional status of animals showed that for 71 percent of the 
animals, protein and energy intakes were higher, and for 65 percent Ca and P intakes were 
lower than the requirements. Balancing the rations significantly improved milk yield by 2 to 
14 percent and milk fat by 0.2 to 15 percent. Feed conversion efficiency, milk N efficiency 
and net daily income of farmers also increased as a result of the ration balancing. Thus, 
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it is of paramount importance that science-based feeding systems and feed analysis are 
gradually introduced into developing countries with subsistence animal agriculture. This will 
not only have a measurable economic benefit for the farmer, but will also help maximize 
production and feed utilization, and consequently reduce GHG livestock emissions. 
Accurate analysis of feed composition is the first step in the precision feeding process. 
Even in developed countries with established feed analysis networks, there is still substantial 
variability in feed analysis among commercial laboratories (Hristov et al., 2010a; FAO, 2011b). 
In intensive dairy systems, for example, day in and day out control of forage, particularly 
silage DM, can have a profound effect on precision feeding of the cow for maximum pro-
duction and profitability. 
A rain event in a bunker silo can affect milk production by up to 3 kg/day per cow due 
to inaccurate dietary DM and nutrient supply to meet production needs (Lee, 2012). In 
situations like this, or when moisture of the forage changes, adjustments must be made 
on the basis of DM content so that a more consistent diet can be fed. Recently developed 
feed analysers based on near-infrared reflectance spectroscopy (NIRS) technology that can 
be mounted inside a payloader bucket can read the DM content of the forages (and grain) 
and also measure protein, starch, ADF, NDF, EE and ash values. The feed analysis is then 
sent to one or multiple computers loaded with feed management software which, on 
calculation, submits new instructions to a high-tech weighing controller that adjusts the 
amount of feed that enters the TMR mixing wagon by weight. 
Such precision in mixing feed ingredients on the farm, although perhaps not refined yet 
and not practical for many production systems, should produce a consistent diet and result 
in increased milk production and greater feed efficiency, which will eventually translate into 
optimal rumen function, animal health and longevity. 
The NIRS technology has developed rapidly since the late 1980s and for the past two 
decades has been used routinely for quality and component analysis of grain, oilseeds and 
forages. The advantages and limitations of the technique have been discussed elsewhere 
(Givens and Deaville, 1999). 
photo 6
Corn silage (left) and alfalfa hay (right) on a Western united States dairy farm
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The speed of analysis makes NIRS feasible for producers to buy ingredients based on 
quality and to formulate rations accurately to meet the nutrient requirements of the animals 
to minimize over- or under-feeding. Animal nutritionists have started to use NIRS to evalu-
ate feed digestion and animal performance. De Boever et al. (1997) assessed application of 
NIRS for predicting ruminal in situ degradability of feeds and reported favourable prediction 
potential of NIRS. Efforts have also been made to develop calibration equations for measur-
ing kinetic parameters of nutrients by using in vitro methods as a reference (Herrero et al., 
1996; Andres et al., 2005). Nousiainen et al. (2004) used the in situ method as a reference 
for measurements of indigestible NDF (as predictor of feed digestibility) and concluded that 
NIRS has potential for predicting in situ indigestible NDF of grass silage. Similarly, Nordheim 
et al. (2007) demonstrated the potential of NIRS to predict in situ NDF degradation charac-
teristics in roughages covering a wide range of forage species and conservation techniques. 
In Australia, faecal NIRS calibration equations have been developed to estimate CP con-
centration, DM digestibility of the diet and BW change of cattle grazing tropical pastures 
(Coates, 2004), providing a rapid, economical and objective evaluation of nutrient intake 
by grazing cattle. 
The NIRS technology could be potentially used not only for traditional analyses of nutri-
ent contents of feeds but also for determining feed digestibility in the rumen and in the 
total digestive tract and animal performance. Thus, NIRS could be a viable tool for accurate 
analysis of feed composition and digestibility, proper diet formulation and improved feed 
utilization, which will inevitably result in reduced GHG, specifically enteric CH4, emissions 
from various livestock production systems.
Precision feeding, i.e. closely matching animal requirements and dietary nutrient supply, is 
important for maximizing feed utilization, stabilizing rumen fermentation, improving rumen and 
animal health, and minimizing nutrient excretion in manure. These effects of precision feeding 
are expected to decrease enteric and manure GHG emissions. Accurate feed composition anal-
yses are an integral part of precision feeding but require infrastructure and investment, which 
may not be available in many production systems. Adoption of science-based feeding systems 
and feed analysis in developing countries with subsistence animal agriculture will have economic 
benefits for the farmer and will also help maximize production, feed utilization, and consequent-
ly reduce GHG livestock emissions.
Mitigation options for production systems based on low-quality feeds
Low-quality feeds, such as crop residues and low-quality grasses, are important basal feeds 
for ruminants in developing countries (Blümmel et al., 2009). Feeds available in smallholder 
mixed crop-livestock systems can be classified as green feeds (cultivated fodder, grass), crop 
residues from coarse cereals and legumes and fine cereal straws, and concentrates (grains, 
cakes, and bran) (Blümmel et al., 2009). 
Many technologies and strategies to improve the feeding value of low-quality feeds 
have been suggested. Devendra and Leng (2011) and Tarawali et al. (2011) argued that 
application and results of interventions to improve the feeding value of low-quality feeds 
should be considered in the farming system context. In developing countries, the majority 
of farmers operate in smallholder mixed crop-livestock systems, and almost three billion 
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people depend on such systems for their food supply (Herrero et al., 2010). In these 
countries, the number of intensive livestock production systems is low. To a large extent, 
mitigation options for CH4 emissions for these production systems in developing countries 
will be similar to those for intensive systems in developed countries. However, mitigation 
options for smallholder mixed crop-livestock systems will differ for a number of reasons 
that are discussed below.
Most livestock production systems are faced with one or more seasons with low feed 
availability and quality, and production during such seasons is absent or even negative 
because animals rely solely on crop residues. During the cropping and harvesting season, 
more and better feeds are available, but labour limitations and grazing land availability may 
prevent optimal feeding (Tarawali et al., 2011; Owen et al., 2012). Importation of high 
quality feeds (concentrates and high quality forages) into these systems is very low (e.g. 
Blümmel et al., 2009).
In the majority of smallholder mixed crop-livestock systems, the major goal is crop pro-
duction and animals are simply a means to achieve this goal. Inputs of labour, capital and 
land are primarily aimed at crops. In these systems, livestock intensification competes with 
crops for inputs. Livestock in developing countries are not only valued for their production 
of food but also for functions such as manure production, draught, capital store and insur-
ance (Udo et al., 2011), which are functions supported by larger herd sizes. 
Hardin (1968), Zemmelink et al. (2003), Abegaz et al. (2007), and Blümmel et al. (2009) 
have indicated or observed the effect of sharing an existing feed base by too many animals: 
availability of good and medium quality feeds is insufficient to feed the herd; low-quality 
feeds are included in the ration, which leads to sub-optimal individual animal productivity 
but also sub-optimal total herd productivity. Hence, the non-food functions of animals 
negatively affect herd productivity because of the too large herd sizes, which forces the 
extensive use of low-quality feeds.
The most relevant mitigation option for smallholder mixed crop-livestock systems in 
developing countries is to increase individual animal productivity as a consequence of provid-
ing better feeds. Reduction of the number of animals, particularly in subsistence production 
systems, allows for the provision of adequate feed to a herd selected for genetic potential 
that can receive suitable veterinary care (Tarawali et al., 2011), leading to an improvement in 
individual animal and total herd production. In this scenario, CH4 emissions will be reduced 
for both, the total herd and per unit of animal product. However, this mitigation option is in 
conflict with the interest of smallholders to have a large herd for non-production functions 
and risk mitigation. Hence, herd size reduction requires measures such as mechanization, 
use of artificial fertilizers and proper banking and insurance systems to replace the impor-
tance of the animals (Udo et al., 2011). Regulatory measures (taxes and quota) could reduce 
the benefits of keeping too many animals. This mitigation is highly recommended because 
it is beneficial for livestock output and CH4 emissions, and it lowers the impact of livestock 
production on the environment, water and other agricultural land use. However, its wide-
spread adoption will be challenging because of the socio-economic reasons outlined above. 
Supplying a substantial amount of relatively good quality feeds to a ration will increase 
individual animal productivity. Green feeds such as multipurpose leguminous fodder trees 
and grasses, such as Naipier (Pennisetum purpureum) are promising supplements with a 
Mitigation of greenhouse gas emissions in livestock production62
reasonable world-wide adoption (Saleem, 1998; Mekoya et al., 2008; Oosting et al., 2011; 
Tarawali et al., 2011; Owen et al., 2012). However, such fodder crops compete with food 
crops for land and water. 
A positive contribution of leguminous fodder crops to soil fertility can be expected 
because of N fixation. Whether polyphenols in leguminous fodder trees will have positive 
effects on CH4 emissions at the inclusion levels observed in developing countries needs to 
be further investigated (Owen et al., 2012; see Plant bioactive compounds). 
Another kind of supplementation is the provision of relatively small amounts of nutrients 
that limit intake, digestion or utilization of the ration (Oosting et al., 1994, 1995; Owen 
et al., 2012). The urea-molasses multi-nutrient block developed in Asia (Sudana and Leng, 
1986; Owen et al., 2012) is an example of an N-providing supplement for diets low in N. 
The potential role of these blocks as source of CH4 mitigating agents, i.e. nitrates, has been 
discussed under Electron receptors. Calcium, P, Cu and Zn are other nutrients that improve 
utilization of low-quality feeds. However, limitations of the above-mentioned nutrients 
mostly occur when low-quality feeds are given as the sole feed. Whenever some green 
feeds or concentrates are available, such limitations are less pronounced. Hence, under 
such conditions the direct effect of supplementation on animal productivity might be low.
Sarnklong et al. (2010) and Owen et al. (2012) have reviewed and discussed options 
for treatment of crop residues. Rice straw, the crop residue in these publications, can be 
regarded as a proxy for other low-quality feeds. Chemical treatments (e.g. urea, NH3 or 
sodium hydroxide) and biological treatments (direct by growing fungi on the straw or by 
administering fungal enzymes to the straw) all aim to improve straw digestibility by disrupt-
ing the cell wall structure and making hemicellulose and cellulose fractions more available 
for rumen digestion. 
Urea treatment is the most widespread treatment advocated in developing countries. 
Low-quality feeds are mixed with an equal weight of a 0.5 to 3.0 percent urea solution and 
stored under airtight conditions for at least one week. Ammonia is formed from the urea 
and the alkaline conditions compromise cell wall conformation and improve intake and 
digestibility. An additional benefit is the provision of N for further improvement of feed value. 
Economics, labour needs and practical feasibility have led to poor adoption of these 
techniques (Schiere, 1995; Owen et al., 2012) despite decades of research and extension 
on the subject (Sundstøl and Owen, 1984). Roy and Rangnekar (2006) described one 
successful case of urea treatment adoption in India, where treatment helped farmers over-
come storage problems under humid conditions. But, even if socio-economic circumstances 
would benefit crop residue treatment, it is uncertain whether this would mitigate CH4 emis-
sions per unit of animal product. Of course, if forage digestibility and concomitant animal 
productivity are increased, CH4 production per unit of product will decrease. 
In some cases, chemical treatment may increase feed intake and digestibility but have 
no production effects. In a trial with crossbred beef steers, NH3 treatment of bermudagrass 
hay decreased concentration of fibre fractions and increased DM digestibility, but ADG 
and feed conversion were not affected (Krueger et al., 2008). The effect of treatment was 
negatively related to the quality of the feed, i.e. absolute and relative treatment effects 
were higher for lower quality feeds and effects were negligible above a digestibility of 
approximately 50 percent (Schiere, 1995). 
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When production responses are not achieved, treatment is regarded as a tool for main-
tenance of livestock, or to produce at least a small quantity of product when no green feeds 
are available (Owen et al., 2012). It may also be noted that 100 percent of urea added to 
straws is hydrolyzed to NH3 in a short span of time and a major part of the urea N is lost in 
the air as NH3 on opening the bags or silos (Makkar and Singh, 1987). The release of this 
NH3 is also a source of pollution and could cause adverse human health effects.
It is questionable whether treatment of crop residues significantly affects rumen fermen-
tation. Oosting et al. (1993), who measured CH4 emissions in sheep and cattle that were 
fed untreated and NH3-treated wheat straw-based diets in respiration chambers, did not 
find any effect of NH3 treatment of wheat straw on CH4 production as a fraction of DEI. 
Neither did treatment affect molar proportions of VFA in the rumen. If animal production 
is increased, however, emission intensity would decrease. 
Fungal treatment is promising on a laboratory scale, but process control is difficult in 
piles of material because of the heat from fermentation (Walli, 2011). Moreover, in feed-
ing experiments, nutrient availability and animal utilization was not improved, which may 
explain why this technology was not adopted (FAO, 2011a). The loss of digestible DM and 
thus decreasing the feeding value of the crop during this treatment can be dramatic, ren-
dering the process unfeasible (Lynch et al., 2012). 
Farmers recognize and consider straw quality in their decisions for crop cultivation17. 
Coarse straws (of millets, sorghum and maize) have better feeding quality than slender 
straws (of rice, wheat and barley), but also within crop species, genetic variation exists with 
regard to straw yield and quantity, and breeding and selection can improve straw quality 
and yield without compromising grain yield18. 
An advantage of breeding and selection over treatment is that no additional input 
of capital or labour is required. Increased use of crop residues for feeding may, however, 
17 See Parthasarathy Rao and Hall (2003); Schiere et al. (2004); and Parthasarathy Rao and Blümmel (2010).
18 See Subba Rao et al. (1993); Grando et al. (2005); and Blümmel et al. (2010).
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enteric CH4 measurement in a buffalo in india using SF6 technique
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reduce soil OM content (Tarawali et al., 2011). Breeding straw for improved feeding quality 
is highly recommended and already shows promise for increased production and reduced 
CH4 intensity in southern India (Blümmel et al., 2010).
Mitigation options that improve the nutritive value of low-quality feeds in ruminant diets 
ould increase animal and herd productivity, and consequently reduce CH4 Ei. A reduction in 
herd size can result in a concomitant reduction in herd GHG emissions and increase in herd 
productivity, as it may be more. Constraints to mitigation options such as chemical treat-
ment, supplementation, breeding and selection for straw quality, and reduction of herd size 
are mainly economic and socio-cultural. Technically, these treatments can easily be applied. 
However, despite a long history of research to treat low-quality feeds, there has been little 
uptake of this knowledge on farms.
MANURE AND MANURE MANAGEMENT 
Manure management refers to manure accumulation and collection in buildings, stor-
age, processing and application to crops. Organic wastes from animal production can be 
categorized as “low strength and high volume” (such as wastewater and diluted slur-
ries) and “high strength and low volume” (such as livestock manure). ”High strength” 
waste will typically have chemical and biological oxygen demand, total N and NH3-N, 
P, and heavy metals concentration at least one order of magnitude greater than “low 
strength” waste. 
Animal manure is a valuable resource generally containing all the essential micro- and 
macro-elements required for plant growth. Its application to cropland increases soil OM 
and improves a number of soil properties including soil tilth, water-holding capacity, 
oxygen content and soil fertility; it also reduces soil erosion, restores eroded croplands, 
reduces nutrient leaching and increases crop yields (Araji et al., 2001). Long-term appli-
cation of animal manure increases soil microbial biomass and activity (Witter et al., 1993; 
Paul and Beauchamp, 1996). Spiehs et al. (2010) reported that using beef manure as a 
fertilizer, for example, significantly increased total, organic and microbial biomass N in 
the upper 30 cm soil profile by 78 percent, 75 percent, and 130 percent, respectively, 
but could also increase nitrate-N and soluble P concentrations in the upper soil horizon. 
In developed countries, application of animal manure to cropland is an alternative to 
high-energy input/high-cost synthetic fertilizer. In some developing countries, manure 
production has been indicated as a major reason for keeping cattle by smallholder farmers 
(Baijukya et al., 2005). 
Effective utilization of animal manure on cropland is a function of the cost associated 
with storing, hauling and spreading the bulky waste materials. This cost is directly related 
to the quantity of manure needed to satisfy the nutrient requirements of crops in a given 
rotation system and the location of the animal operation from the receiving field. The 
quantity of manure needed is a function of the nutrient content of the manure and the 
mineralization rate of manure OM, including losses. The mineralization rate of organic N is 
influenced by the properties of the manure, the properties of the soil and soil temperature. 
The nutrient release rate of manure is critical to calculating application rates to avoid nutri-
ent release to surface or ground waters. Organically-managed soils receiving continuously 
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animal manure have been characterized as having higher microbial activity, faster miner-
alization, greater N supply and higher plant N uptake (approximately 20 percent higher; 
Langmeier et al., 2002). In that study, the capacity of the organic soil to supply N was even 
more important at later cuts (of Italian ryegrass) when N was severely limiting plant growth.
Unmanaged accumulation of organic wastes, however, may present environmental- and 
health-related concerns for humans and animals. Potential impacts (Gerber et al. 2005, 
Steinfeld et al., 2006; EPA, 2011) include:
•	 Eutrophication of surface water (deteriorating water quality, algae growth, damage 
to fish, etc.) due to input of organic substance and nutrients if excreta or waste 
water from livestock production entering streams through discharge, run-off or 
overflow of lagoons. Surface water pollution threatens aquatic ecosystems and the 
quality of drinking water taken from streams. Nitrogen and P are nutrients often 
associated with accelerated eutrophication of surface water;
•	 Leaching of nitrate and possible pathogens transfer to ground water from manure stor-
age facilities or from fields on which high doses of manure had been applied; nitrate 
leaching and pathogen transfer, in particular, are threats for drinking water quality; 
•	 Accumulation of nutrients in the soil if high doses of manure are applied which 
can threaten soil fertility; 
•	 Degradation of natural areas, such as wetlands and mangrove swamps; 
•	 Greenhouse gas emissions in the form of CH4 and N2O (direct and indirect emissions);
•	 Other gaseous emissions, including NH3, skatols and hydrogen sulphide.
When animals are intensively produced under confined conditions, accumulations of 
manure require appropriate management which includes collection from the production 
site, storage, pre-treatment, treatment, and secondary and tertiary treatment processes, 
or may only include storage prior to application on land or processing in another environ-
mentally-responsible way.
Manure management systems design draws on a range of engineering disciplines includ-
ing civil, chemical, environmental, sanitary and biological. In some cases, technology is trans-
ferred from other sectors, such as municipal wastewater for broader application. Manure 
management systems have often failed due to technical and economic viability. In countries 
where livestock waste is regulated, high strength organic wastes are typically recycled on land, 
following a nutrient management plan, because this is generally the lowest cost option and 
brings the highest environmental benefit. Prior to land application, waste can be treated to 
stabilize the organic fraction, or simply stored because it cannot be land-applied year round.
Within the context of processes, climates, waste characteristics and design implications, 
an extensive database of references was reviewed in relation to this section. Manure CH4 
and N2O mitigation research has been intensively conducted in the last 30 to 40 years. 
However, there is still much to learn about the benefits of particular mitigation practices, 
the effect of combining mitigation practices, the response of environmental indicators 
such as nutrient conversion, volatilization, leaching, erosion, etc., and the effect on the 
environmental and financial performance of the production system (farm) as a whole. It is 
common for one environmental benefit of a technology to impact degradation processes 
negatively in another area. For example, a livestock waste management system may include 
an anaerobic process followed by an aerobic process which reduces CH4 emissions, how-
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ever, would likely increase N2O emissions. Recognizing that N2O has a much greater GWP 
than CH4 (Solomon et al., 2007), a standardized net GHG accounting process is necessary 
to make determinations on, and report GHG net reductions or increases. 
Data related to manure CH4 and N2O (and NH3) mitigation practices are summarized in 
Table A2 of this document (see Appendix 2). Note that these data may be specific to a unit 
process and may not account for losses, conversions or other differences caused by preced-
ing processes in the process train, study duration and climatic impacts (such as winter vs 
summer). These data are also based on laboratory, pilot and commercial scale applications 
and may not have accounted for the range of temperatures found in climates where these 
processes are used. Thus, these factors may affect the usefulness of these practices. Costs, 
both for initial investment and operation and maintenance, are also not provided. 
Opportunities to reduce non-CO2 GHG emissions from ruminant manure are illustrated 
in Figures 6 and 7 according to the process of formation and emission of CH4 and N2O 
during the ruminant production cycle19.
Most of the CH4 emission resulting from manure is produced under anaerobic conditions 
during storage and very little following land application; manure from grazing ruminants 
does not produce significant quantities of CH4 because it remains largely aerobic. The EPA 
(2005) report pointed out that manure produced little or no CH4, when handled as a solid 
(e.g. in stacks or pits) or deposited on pasture or rangelands. Therefore, opportunities to 
reduce CH4 emission are centred on preventing anaerobic conditions during storage or cap-
turing and transforming the CH4 that is produced if anaerobic conditions are present. Similar 
to enteric fermentation, anaerobic cellulose decomposition in stored manures is typically a 
source of CH4. Data summarized by Chianese et al. (2009) indicate average CH4 emissions 
from covered slurry, uncovered slurry, and stacked manure to be 6.5, 5.4, and 2.3 kg/m2 per 
year, although rates vary with temperature and time in storage. Agricultural soils, with the 
exception of rice paddies, are generally a sink for atmospheric CH4 (typically -1.5 kg/ha per 
year; Chianese et al., 2009). However diffusion of CH4 from land-applied manures is a short-
lived source that disappears within a few days of application to soil (Sherlock et al., 2002). 
Manure contains most elements necessary for stimulating soil nitrification and denitri-
fication processes that result in N2O formation. Nitrification and denitrification processes 
resulting in N2O formation are transient depending on the amount and form of available 
N (NH4+ or NO3-), oxidation-reduction potential, degradable C sources, and microbial pop-
ulation. As a result, the production of N2O from soil or manure storages is highly variable, 
difficult to measure and even more difficult to predict. 
Nitrous oxide is directly produced in manure-amended soils through microbial nitrifica-
tion under aerobic conditions and partial denitrification under anaerobic conditions, with 
denitrification generally producing the larger quantity of N2O (EPA, 2010). Denitrifying 
organisms can further reduce N2O to N2 at rates dependent on soil conditions. Nitrous 
oxide can also be produced indirectly when manure-N is lost through volatilization as NH3, 
nitric oxide and nitrogen dioxide (NOx), or run-off and leaching is nitrified and denitrified in 
soil following re-deposition (EPA, 2010). Being a result of microbial processes, the emission 
of N2O is highly variable and influenced by environmental and metabolic factors, which 
19 See Sommer et al., 2004; Rotz et al., 2010; Saggar et al., 2007; Giltrap et al., 2010; DelGrosso et al., 2000; 
Petersen and Sommer, 2011; Chadwick et al., 2011; and Zeeman, 1994.
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Manure application
• Reduce degradable organic mater
• Reduced dissolved organic carbon 
• Dilution and solids separation
• Place manure deep in the soil proﬁle
Animal
• Reduce manure output 
• Improved animal efﬁciency
• Improved animal health
• Reduced animal mortality
• Increase animal productivity
Feed
• Balance diets and production
• Improve ﬁber digestibility
Slurry Manure Storage 
• Storage temperature
• Manure acidiﬁcation
• Reduced storage time
• Cover manure storage
• Improve anaerobic digestion
• Collect and combust methane
• Prevent and repair leakages
Solid Manure Storage
• Prevent methane formation
• Prevent anaerobic conditions
• Reduce storage time
• Composting
• Reduce manure moisture
• Storage temperature 
• Manure acidiﬁcation
Manure
• Reduce degradable organic 
carbon in manure
Soil
• Increase soil methane uptake 
• Avoid soil saturation and oxidation status 
• Adequate drainage
• Promote soil microbial biomass activity
Manure output
Soil organic 
matter
Dry matter intake,
fiber and mineral nutrition
Plant nutrient balance 
Fiber content
Degradable organic matter  
Residual organic matter
makes measurement of mitigation effects difficult. Nonetheless, results of adopting mitiga-
tion practices can be estimated by using potential N2O emission reductions obtained when 
optimal conditions for nitrification and denitrification are assumed. This approach makes 
it possible to gauge the effect of mitigation practices and interactions within the livestock 
production system. Although N2O emissions are usually low when compared with the 
emissions of NH3 and CH4, the 12:1 ratio in GWP of N2O:CH4 makes N2O a potent GHG.
For direct N2O emissions to occur, the manure must first be handled aerobically where 
NH3 or organic N is converted to nitrates and nitrites (nitrification), and then handled anaer-
obically where the nitrates and nitrites are reduced to N2, with intermediate production of 
N2O and nitric oxide (denitrification) (EPA, 2010, based on Groffman et al., 2000).
Multiple factors control nitrification and denitrification rates and the ratio of N2O to N2 
produced through denitrification. Soil temperature, water content, and oxygen concentra-
tion each influence rates of both processes, while denitrification rates are also influenced by 
the quantity of nitrate produced through nitrification (Cavigelli and Parkin, 2012). 
Due to the nature of the antagonistic processes resulting in CH4 and N2O emissions 
(while CH4 is produced under anaerobic conditions, production of N2O requires sufficient 
levels of oxygen), some practices that result in the reduction of CH4 production increase 
FiguRe 6
Flow of organic carbon through the livestock production system including opportunities  
to mitigate methane emissions from livestock manure
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N2O emissions. An example is the aeration of manure during storage to reduce CH4 emis-
sions. This process may often result in an increase in N2O emissions when aeration rate is 
sufficient to create an aerobic environment (Amon et al., 2001).
Diet manipulation and nutrient balance20
Diet can have a profound effect on N losses and particularly the route of N excretion in 
ruminants (i.e. faeces vs urine). Diet manipulation has been shown to be an effective means 
to reduce NH3 emissions from land applied manures because reduced CP in the diet pro-
duces manure with a slower mineralization rate of N (Powell and Broderick, 2011). Reduc-
ing dietary CP and ruminally-degradable protein (RDP) concentration has been recognized 
as an effective strategy to reduce N excretion through a marked reduction of urinary urea 
excretion21, NH3 concentration22 and potentially N2O emissions from dairy manure23. 
Dietary management and N2O emissions from manure 
Manure can be a significant source of N in both intensive and subsistence production sys-
tems. As pointed out earlier, in many developing countries livestock is secondary to crop 
production. Rufino et al. (2006) indicated that inclusion of the animal in the farm N cycle 
may result in less efficient use of N compared with direct application of crop residues to soil. 
Available N in manure, however, increases the immediate crop response compared with 
the slow nutrient release associated with mineralization of organic material. The authors 
suggested that efficient use of animal manure depends on improving manure handling and 
storage and synchronization of mineralization with crop uptake. 
Digestibility of feed N is relatively high for most types of feeds, which results in faecal N 
being primarily of microbial origin. Van Soest (1994) pointed out that the bulk of faecal N is 
indigested microbial N and that endogenous secretions contribute little to faecal N losses in 
ruminants. Although a significant amount of protein secretions occur in the digestive tract, by 
the time this N reaches the faeces, it has been mostly assimilated into microbial N (Van Soest, 
1994). Diets resulting in increased rumen by-pass of carbohydrates will result in a greater pro-
portion of microbial N in faecal matter. Thus, from an environmental sustainability point of view, 
urinary N excretion is the important source of N2O emissions from manure. Nitrogen excreted 
with urine can represent more than half of all N losses in dairy cows (Tamminga, 1992). 
Urea is the main nitrogenous constituent of ruminant urine. Bristow et al. (1992), 
among others, reported that urea N represented from about 60 to 90 percent of urinary 
N in cattle, with similar proportions for sheep and goats. Other significant nitrogenous 
compounds were hippuric acid, creatinine and catabolites of purine bases, such as allanto-
in, uric acid, xanthine and hypoxanthine. Organic N is about 90 percent of the total N in 
poultry litter, with uric acid and urea being the primary organic N sources (Rothrock et al., 
2010). Urea is also the main nitrogenous compound in swine urine, representing 70 to 80 
or more percent of urinary N (Canh et al., 1997), and its excretion can be greatly increased 
by amino acid imbalance (Brown and Cline, 1974). In the urine of high-producing dairy 
20 Further discussion related to this section can be found under Enteric Fermentation.
21 See Raggio et al. (2004); Colmenero and Broderick (2006); and Agle et al. (2010a).
22 See van der Stelt et al. (2008); Agle et al. (2010a); and Lee et al. (2012a).
23 See Külling et al. (2001); Luo et al. (2010); and Lee et al. (2012a).
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cows, urea N represents 60 to 80 percent or more of total urinary N (Reynal and Broderick 
2005; Vander Pol et al. 2008), and proportionally increases as dietary CP level and intake 
increase (Colmenero and Broderick, 2006). On low protein diets, however, urinary urea N 
can be as low as 46 to 53 percent of the total urinary N (Hristov et al., 2011c; Lee et al., 
2012c). Urea is the primary source of N losses (as NH3, nitrate, or N2O) from cattle, small 
ruminants, and pig manure. Uric acid, through mineralization to urea, is the primary sourc-
es of N losses from poultry manure (Rothrock et al., 2010; Hristov et al., 2011a). 
Urease is abundant in faecal matter or in soil, and urea is rapidly converted to ammo-
nium, if the environmental conditions (temperature, pH) are favourable. Ammonium N is 
readily available to plants and can be converted, under aerobic conditions, to nitrate, which 
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is also readily available (Beegle et al., 2008). The organic forms of N in manure are gener-
ally not available to plants, unless first mineralized, which is a complex microbial process 
affected by various environmental factors (Beegle et al., 2008).
Nitrous oxide emissions from soil application of manure are a significant contributor to 
the total GHG emissions from agriculture (Davidson, 2009). According to some accounts, 
N2O emissions from animal waste represent 30 to 50 percent of global agricultural N2O 
emissions (Oenema et al., 2005). According to Luo et al. (2010), reduction of N2O emissions 
from intensive grazing systems can be achieved by several strategies: (1) improving N use 
efficiency through reducing the amount of N excreted by grazing animals; (2) optimizing 
soil management and N inputs; (3) optimizing pasture renovation; (4) manipulating soil N 
cycling processes through soil additives; (5) selecting for plants and animals that maximize 
N utilization; and (6) altering grazing and feeding management. 
Ammonia volatilization is generally the largest pathway of loss for manure N (Harper 
et al., 2004; Lee et al., 2011b), with losses typically accounting for 30 to 70 percent of the 
ammonium-N content of cattle manure (Thompson and Meisinger, 2002). Nitrogen emis-
sions can also be in the form of dinitrogen gas (N2) (Harper et al., 2004). The proportion 
of manure N lost as N2O is relatively low, generally below 2 to 3 percent of the manure N 
input and only in few reports has it reached 10 percent (de Klein et al., 2001). 
Because of its influence on soil oxygen concentration, soil water content has a very large 
impact on N2O production. There is generally little denitrification activity below about 60 
percent water filled pore space, but rates increase with increasing water content reaching 
a maximum at saturation (Linn and Doran, 1984). The fraction of N completely reduced to 
N2 also increases as soil water content approaches saturation. 
The relationship between manure NH3 volatilization and N2O emission is also complex 
because (1) emissions of both may be reduced by diet manipulation or manure manage-
ment, and (2) if a mitigation technology reduces NH3 losses, the preserved ammonium N 
may later increase soil N2O emissions (Petersen and Sommer, 2011). On the other hand, 
gaseous losses of N will reduce the availability of N for nitrification and denitrification 
processes and, consequently, N2O formation (EPA, 2010). The production of direct N2O 
emissions from livestock manure depends on the composition of the manure and urine, 
the type of bacteria involved in the process, and the amount of oxygen and liquid in the 
manure system (EPA, 2010). 
Dietary protein content
A comprehensive analysis by Sauvant et al. (2011) showed that CH4 production per kg 
digested OM decreased in a linear fashion with increasing dietary CP (CH4, g/kg digestible 
OM = 40.1 – 0.32 × CP, percent DM; n = 59 experiments), i.e. decreasing dietary protein 
concentration will likely increase fermentable carbohydrates concentration, which in turn 
will likely increase CH4 production. These relationships have to be accounted for when 
manipulating dietary N to reduce manure NH3 and N2O emissions. Fibre inclusion in the 
diet of non-ruminants can shift the route of N excretion from urine to faeces and thus 
decrease NH3 and N2O emissions from slurry. These interactions can be complex, and 
ideally, effects on GHG emissions should be studied on a whole-farm scale. Care must be 
taken that dietary manipulations do not affect animal production or gains at one level of 
Mitigation practices 71
the production system are not offset by losses at another, e.g. animal vs manure (Jarret 
et al., 2011; Klevenhusen et al., 2011). 
Effects of interactions on GHG emissions have been discussed elsewhere in this report. 
This section will focus on the effect of dietary protein on manure N2O emissions. To a 
large extent, dietary CP concentration determines manure N concentration and can have 
a significant impact on N2O emissions (Cardenas et al., 2007; Luo et al., 2010). Therefore, 
manure N (specifically readily-available urinary urea N) promotes GHG emissions from 
manure-amended soil. 
Studies with 15N-labeled urine or faeces have clearly demonstrated that urinary N is the 
primary source of ammonium in cattle manure, contributing from 88 to 97 percent of the 
NH3-N emitted within the first 10 days of manure storage (Figure 8). Volatilization of N as 
NH3 or NOx can also indirectly contribute to N2O emissions. By far, most volatilization losses 
from manure are as NH3. Although there are also some small losses of NOx, estimates of 
N losses due to volatilization are only based on NH3 loss factors (EPA, 2010). As a result, 
urine patches are the predominant source of N2O in grazing systems (de Klein and Eckard, 
2008). Ammonia volatilized from manure can be re-deposited on soil and eventually con-
verted into N2O. Nitrate in leachate and soil run-off can be converted into N2O through 
aquatic denitrification (EPA, 2010). According to some estimates, manure (grazing animal 
and managed manure) constitutes about 17 percent (or 6.7 Tg of N) of the N2O sources in 
the United States (Del Grosso et al., 2008). Thus, manure N and volatilized NH3 can directly 
contribute to GHG emissions from animal agriculture.
Several studies have investigated the effect of dietary protein on N2O (and CH4) emissions 
from manure and manure-amended soil in trials with swine and cattle. Velthof et al. (2005) 
concluded that decreasing the protein content of pig diets had the largest potential to simulta-
neously decrease NH3 and CH4 emissions during manure storage and N2O emission from soil. 
Külling et al. (2001) reported decreased N2O emissions during simulated manure storage of 
manure from dairy cows fed low-protein diets, but the total GHG emissions were not affected 
by the dietary protein content (due to increased CH4 emissions from the low-protein manure). 
Data on the effect of dietary protein on manure N2O emissions are not consistent and 
often no effect or even increased N2O emissions (from housing) when lowering dietary 
protein have been reported for swine (Clark et al., 2005; Philippe et al., 2006) and cattle 
(Arriaga et al., 2010). It must also be borne in mind that manure CH4 and CO2 emissions 
per unit of land may increase immediately following soil application (or during storage) due 
to the use of a greater application rate for low- vs high-protein manure to meet the crops 
N requirements (Lee et al., 2012b). 
Low-protein diets have to be formulated to meet or exceed energy requirements and 
meet the animal’s metabolizable protein (MP) and AA requirements, if feed intake and ani-
mal performance are to be maintained (Lee et al., 2011a). Diets severely deficient in RDP 
will reduce total tract fibre digestibility in ruminants, which may negatively affect animal 
performance, increase fermentable OM in manure and increase manure CH4 emissions. 
On the other hand, these effects may be counteracted by reduced enteric CH4 production 
because fibre degradability in the rumen will decrease. Severely deficient RDP diets will have 
a negative impact on microbial protein synthesis and animal productivity and therefore, 
cannot be recommended as a mitigation practice.
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With pigs and poultry, there are numerous examples of the beneficial effects of reduced 
dietary protein, with or without synthetic AA supplementation, on reducing N losses and 
NH3 emission from manure while maintaining productivity and improving feed conversion 
efficiency (Sutton et al., 1996, 1999; Portejoie et al., 2004; Keshavarz and Austic, 2006). 
Cromwell and Coffey (1993) reported a 17 to 23 percent decrease in N excretion when 
dietary protein was reduced by 2 percentage-units and the diet was supplemented with 
synthetic lysine. Research from this group indicated that further reductions in dietary pro-
tein of 3 to 4 percentage-units and supplementation with a cocktail of AA (lysine, methio-
nine, threonine, and tryptophan) reduced N excretion by 35 percent (Carter et al., 1996). 
A review of the swine literature pointed out that lowering dietary protein, phase-feeding, 
and use of exogenous enzymes (phytase in relation to phytate-P utilization, in this case) 
had a tremendous environmental impact in The Netherlands (Lenis and Jongbloed, 1999). 
These authors also concluded that decreasing dietary protein, inclusion of additional non-
starch polysaccharides in the diet, and diet acidification (to decrease urine pH) can lead to 
a substantial reduction in NH3 emission from swine manure. Similar to swine, a 1.3 per-
centage-units reduction in dietary protein resulted in a 21 percent reduction in N content 
of poultry manure (Meluzgi et al., 2001). With laying hens, supplementation of a reduced 
protein diet with synthetic lysine and methionine reduced faecal N concentration by 30 
percent (Latshaw and Zhao, 2011). There is also evidence (LCA and experimental) that 
reducing dietary protein content and supplementation with AA decreases GHG from pig 
manure (Ball and Mohn, 2003; Mosnier et al., 2011; Osada et al., 2011). 
Dietary tannins (ruminants only)
Shifting N losses from urine to faeces is expected to reduce N2O emissions from 
manure-amended soil due to the lower concentration of volatile N in manure24. Feed 
additives, such as tannins have been shown to redirect excreted N from urine to faeces. 
Carulla et al. (2005) reported a 9.3 percent reduction in urinary N as proportion of total 
N losses, and Misselbrook et al. (2005) reported a 25 percent reduction. Grainger et al. 
(2009a) observed a 45 to 59 percent reduction in urinary N excretion but also a 22 to 30 
percent drop in milk N secretion. 
As an example, Aguerre et al. (2010) observed a linear decrease in urinary N excretion 
(vs a linear increase in faecal N excretion) in high-producing dairy cows fed diets supple-
mented with 0 to 1.8 percent (DM basis) of a quebracho tannin extract. Ammonia emission 
from slurry from cows receiving the tannin-supplemented diets was 8 to 49 percent lower 
than emissions from the control slurry. Tannins also reduced NH3 emission when directly 
applied to barn floor (by 20 percent), and after a tannin extract was applied to soil (by 27 
percent; Powell et al., 2011a,b). 
Studies directly investigating the effect of tannins on manure or soil N2O emissions are 
scarce. Hao et al. (2011) supplemented cattle diet with condensed tannins from Acacia 
mearnsii at 25 g/kg DM and followed GHG emissions from composted manure for up to 
217 days. Nitrous oxide emissions occurred during the first 56 days of composting, were 
generally low (up to 0.1 kg N/t compost DM), and not affected by tannin supplementa-
tion. Methane (and CO2) emissions were also not affected by tannin supplementation. 
24 This will depend on storage conditions if manure is stored before application.
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The authors speculated that tannin application level was too low, tannins were complexed 
with protein upon excretion in the faeces, or that microbes in compost were capable of 
altering the biological activity of tannins. Clearly, more studies are needed to relate tannin 
application, through the diet or directly to manure, to GHG emissions from manure during 
storage or after land application. 
Shifting N excretion from urine to faeces by supplementing the diet with tannins or 
feeding tanniferous forages have implications on manure N availability for plant growth. 
Fox et al. (1990) studied mineralization rates of legumes as affected by their polyphenol 
and lignin contents in a 12-week greenhouse experiment. At the end of the trial, net N 
mineralization rate ranged from 11 percent with cassia (Cassia rotundifolia Pers., var. Wynn) 
to 47 percent for alfalfa. Up to six weeks, there was a linear decrease in net N mineraliza-
tion rate with increasing lignin + polyphenol:N ratio of legumes. The authors concluded 
that the lignin + polyphenol:N ratio is an excellent indicator of mineralization rate for the 
first 12 weeks after soil incorporation. These data and inferences drawn by others (Palm 
and Sanchez, 1991) led de Klein et al. (2010) to the conclusion that tannin–protein com-
plexes may be more resistant to breakdown in the soil. 
Decreased N release rate from manure from animals fed tanniferous forages has been 
reported (Powell et al., 1994; Cadisch and Giller, 2001), although other reports indicated 
no effect of condensed tannins on the agronomic value of cattle manure (Hao et al., 2011) 
and decreased manure N availability may be a significant problem in agricultural systems 
relying exclusively on manure as a source of N for crop growth. Indeed, some reports have 
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indicated a significant drop in yields when high-tannin manure (equivalent to 2.2 t tannins/
ha per year) was added to sweet corn and radish plots; 27 to 32 percent yield reduction for 
sweet corn and 42 to 46 percent for radish (Ingold et al., 2012). However, others reported 
no effect of condensed tannins on the N fertilizer value of faeces from sheep receiving a 
diet supplemented with tanniferous legumes (Tiemann et al., 2009). 
Tannins may also have other implications, such as inhibition of intestinal parasite devel-
opment in faeces and soil (Niezen et al., 2002). The effect of feeding tanniferous forages 
or supplementing the diet of ruminants with tannins on manure N availability in soil and 
consequent plant growth needs further investigation.
Strategies for mitigating N2O emissions from livestock operations, have been summa-
rized by de Klein and Eckard (2008). These authors discussed the following abatement 
strategies, with focus on ruminant grazing systems:
1. Dietary amendments: for example, salt inclusion through its diuretic effect dilutes N 
in urine and may lead to 5 to 10 percent reduction in N2O emissions. Also supple-
mentation of the diet with nitrification inhibitor through a slow-release bolus that 
is excreted unaltered in urine (30 to 60 percent N2O reduction potential);
2. Animal breeding: selection of animals for N efficiency, generally associated with 
lower dietary N input and higher N output in milk or meat (3 percent reduction in 
urinary N excretion);
3. Reduction of dietary protein: hard to achieve in intensive pasture systems due to 
high N fertilizer application rates and low N utilization efficiency by the animal 
(10 to 45 percent potential reduction in urinary N excretion; see following dis-
cussion); 
4. Dietary tannins (as feed supplements or fed through high-tannin forages): shifting 
N excretion from urine to faeces (up to 60 percent reduction in urinary N excretion; 
see related discussion under Enteric Fermentation);
5. Fertilizer management: rate, source, and timing of fertilizer application (in relation 
to soil moisture25 and temperature conditions) are critical factors for reducing N2O 
emissions from soil (2 to 13 percent N2O reduction potential); 
6. Nitrification inhibitors: direct application of nitrification inhibitors on the soil has a 
significant potential to reduce N2O emissions resulting from urine deposition (see 
further discussion under Manure and Manure Management);
7. Effluent management (applicable to stored manure): timing and application meth-
od are critical for reducing N2O emissions (50 percent N2O reduction potential; see 
related discussion under Manure and Manure Management); 
8. Reduction in wet season grazing (related to the critical role of soil moisture in the 
nitrification-denitrification processes (7 to 11 percent N2O reduction potential);
9. Irrigation and drainage; again, related to soil moisture (up to 60 percent N2O 
reduction potential);
10. Genetic engineering or selection to improve forage utilization of soil N (for exam-
ple, deeper root systems, release of natural nitrification inhibitor by plants) or 
improve feed N conversion efficiency by the animal;
11. Animal physical intervention, e.g. more even spreading of urine in grazing systems.
25 Soil moisture is an important factor in nitrification-denitrification processes; Maag and Vinther (1996).
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De Klein and Eckard (2008) concluded that abatement of N2O should be considered 
as part of an integrated approach to improve the efficiency of N cycling in animal pro-
duction systems. Particular attention should be given to improving animal N utilization, 
thus reducing urinary N output to the soil-plant system. According to the authors, current 
technologies could deliver up to 50 percent reduction in N2O emissions from an animal 
housing system but only up to 15 percent from a grazing system.
As already stated, an important opportunity to reduce N2O emissions from animal 
manure is to maintain dietary protein close to animal requirements. Studies with pigs, poul-
try, and beef and dairy cattle have consistently shown that a reduction in dietary protein 
results in a reduction of excreta N losses, which results in reduced NH3 and potentially N2O 
emissions from manure26. Van Soest (1994) stated that the minimum concentration of CP 
in the diet of ruminants is 6 to 8 percent (DM basis). In high-producing dairy cows, howev-
er, these concentrations are too low to maintain production. It has been documented that 
decreasing dietary protein in lactating cows can lead to depressed DMI and consequently, 
decreased milk production (Firkins et al., 2006; Lee et al., 2011a).
In feeding systems, in which feed intake and diet composition can be closely controlled 
(i.e. TMR feeding), reducing dietary CP in dairy cows below MP requirements (NRC, 2001) 
has a major impact on increasing milk N efficiency (MNE, i.e. milk protein N ÷ feed N) and 
decreasing urinary urea N losses and NH3 emissions from manure (Hristov et al., 2011a). In 
dairy production systems, MNE varies largely among individual cows and herds (efficiency 
of imported N utilization, i.e. total N exports ÷ total N imports, on a whole-farm basis varied 
as much as 25 to 64 percent in large dairy farms; Hristov et al., 2006) and can be used to 
“benchmark” the efficiency of the whole production system or as a performance indicator 
and policy tool for dairy production systems (Powell et al., 2010).
Experiments with high-producing dairy cows have demonstrated that some feeding 
models (NRC, 2001, for example) may under-predict milk production when MP-deficient 
diets are fed. Inaccurate estimation of feed RDP, and perhaps overestimation of RDP require-
ments, in addition to unaccounted physiological mechanisms, such as urea recycling (Huh-
tanen and Hristov, 2009) and the non-linear (limiting returns) relationship that improves 
the efficiency of conversion of MP into milk protein (i.e. MNE) as diets become increasingly 
deficient in MP (Lapierre et al., 2007), are likely responsible for the under-prediction of milk 
yield for the MP-deficient diets observed in several experiments (Figure 9). As reported by 
Reynolds and Kristensen (2008), the fraction of total urea production that is returned to the 
gut decreases in a non-linear fashion with increasing dietary CP content. Clearly, return of 
urea to the gut is a large potential source of ruminal N, but the net recovery as microbial N 
is more difficult to assess because of interactions with dietary energy sources. 
Caution should be used when formulating MP-deficient diets for high-producing dairy 
cows or growing cattle. Røjen et al. (2011) and Røjen and Kristensen (2012), for exam-
ple, showed that increased ruminal rate of urea-N extraction with low-protein diets was 
partially counteracted by decreased blood urea concentrations. Nevertheless, urea-recy-
cling is an underutilized mechanism, and there is potential for decreasing dietary protein 
inputs in ruminants without jeopardizing production, thus decreasing manure NH3 and 
N2O emissions. 
26 See Sutton et al. (1999); Velthof et al. (2005); Kerr et al. (2006); and Hristov et al. (2011a).
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To match requirements and supply and reduce N losses, dairy cows can be fed var-
ying dietary protein concentrations throughout the lactation. Wu and Satter (2000) 
demonstrated that decreasing dietary CP around week 30 of lactation (from 17.5 to 16 
percent, DM basis) can decrease manure N losses, maintain milk production and increase 
farm profitability compared with a constant 17.4 to 17.9 percent CP diet. Data from 
12 commercial dairy farms in Pennsylvania (Hristov et al., 2012b) showed that reducing 
dietary CP by 1 percent-unit (verified by rigorous feed and TMR sampling over a two-year 
period) increased income-over-feed cost (IOFC) on average by US$0.63/100 pounds of milk 
(2009-2010 data). Recommendations for reduced dietary protein should be accompanied 
by a clear message that low-protein diets must be well-balanced for all other nutrients, 
specifically energy, so that animal production is not negatively affected. Strict control over 
day-to-day forage composition and mixing of the diet are easier to accomplish in exper-
imental settings than on a commercial farm, and this is an important factor that needs 
to be considered by academia and nutrition consultants when diets supply nutrients near 
animal requirements. Similar to dairy cows, dietary protein can be safely reduced at certain 
phases of the beef production cycle without affecting growth rates and dramatically reduc-
ing N losses. Cole et al. (2006) reported that performance of feedlot cattle fed a constant 
11.5 percent CP diet did not differ from those fed a 13 percent CP diet. Phase-feeding of 
CP decreased N excretion by 1.5 to 3.8 kg/steer and N volatilization losses by 3 to 5 kg/
steer. Similarly, Erickson and Klopfenstein (2010) fed CP to beef cattle at (13 percent) or 
below (12.1 to 10.9 percent; phase-feeding) the industry standard. Phase-fed cattle in this 
study excreted 12 to 21 percent less N, and N volatilization losses from the feedlot were 
reduced by 15 to 33 percent. In these experiments, a simple management approach such as 
increasing pen cleaning frequency decreased N volatilization losses by 19 to 44 percent and 
increased manure N by 26 to 41 percent. These strategies will not only have a significant 
environmental impact but will reduce feed cost per unit of product. 
One factor that needs to be considered with low-protein diets is fibre degradability in the 
rumen and digestibility in the total digestive tract. A meta-analysis by Huhtanen et al. (2009a) 
showed that diet CP was the only dietary factor (of the factors studied in this analysis) that 
was positively related to NDF digestibility in dairy cows. Thus, reduction of dietary protein 
should not be to the extent that RDP and NH3 become deficient and fibre degradability suffers. 
Ruminal cellulolytic bacteria, such as Fibrobacter succinogenes, Ruminococcus albus 
and R. flavefaciens, require a certain level of degradable N (especially NH3-N) to effectively 
ferment carbohydrates in the rumen (Atasoglu et al., 2001). If NH3 and RDP are severely 
deficient, total tract fibre digestibility will decrease (Lee et al., 2011a; Aschemann et al., 
2012) and faecal excretion of fermentable fibre will increase, which may stimulate CH4 
production from manure. Decreased fibre degradability will also decrease DMI as a result 
of gut fill (Mertens, 1994), which will lead to decreased productivity. It is important to point 
out that this can occur only if fibre degradability in the rumen is reduced. In dairy cows, 
for example, dietary CP can safely be decreased to around 16 percent (from the common 
17 to 18 percent in the United States; Hristov et al., 2006) without a significant impact on 
fibre digestibility (Colmenero and Broderick, 2006). 
Using mechanistic models, Dijkstra et al. (2011b) concluded that dietary-N mitigation 
options at the animal level aimed at reducing urinary N excretion may result in elevated 
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enteric CH4 emission (per kg of fat- and protein-corrected milk; FPCM). In their simulation 
of grass silage-based diets for dairy cows, these authors calculated that CH4 emission was 
expected to increase by 0.33 g/g urinary N decrease (the authors did, however, point to a 
large variation in the prediction). This implies that the reduction in N2O emission upon appli-
cation of the manure with reduced N content may be partially offset by increased enteric 
CH4 production. If ruminal fibre degradability suffers due to NH3 or RDP deficiency, manure 
CH4 emission may also increase; this will not be the case if only manure N is decreased (due 
to dietary N reduction) without affecting rumen function or fermentable substrate availabil-
ity in manure. Within limits, N per se does not seem to affect microbial fermentation and 
CH4 production from manure, as has been demonstrated by Lee et al. (2012a). 
In some production systems, ruminant diets are often already deficient in fermentable 
N (i.e. RDP), thus limiting rumen function during parts of the year (dry season) and animals 
may consume an excess of RDP during the wet season (Preston and Leng, 1984, 1986). In 
these conditions, nutrient balance in the rumen for maximizing microbial protein output 
and fibre degradability may be difficult to achieve. Strategic supplementation (see Mitiga-
tion options for production systems based on low-quality feeds) or better balancing dietary 
nutrients (see Precision feeding and feed analyses) when lush pasture is available are critical 
for maximizing animal productivity and minimizing enteric CH4 emissions from livestock in 
developing countries. 
Feed intake depression with protein- and AA-deficient diets has been demonstrated with 
pigs and poultry (Henry, 1985; Picard et al., 1993) and must be avoided in order to maintain 
efficient production. Henry (1985) stated that feed intake and growth performance of pigs 
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were depressed both by a severe deficiency in dietary limiting AA and by an excessive supply 
of total protein or some essential AA. Deficiencies of key AA may also increase urinary N 
losses, as shown in pigs by Brown and Cline (1974). Supplementation of low-protein diets 
with synthetic AA may alleviate undesirable effects on feed intake. Growing pigs fed a 14 
percent CP diet containing supplemental lysine (0.73 percent lysine) resulted in intake and 
growth performance being similar to pigs fed a 16 percent protein diet (0.77 percent lysine) 
(Baker et al., 1975). Analogous results were reported by Yen and Veum (1982) who observed 
feed intake and ADG with growing pigs fed a protein deficient (13 percent CP) diet supple-
mented with lysine and tryptophan to be similar to pigs fed a 16 percent CP diet. 
Overfeeding of protein may also depress feed intake; there is sufficient evidence that 
elevated blood plasma concentrations of AA that cannot be used for protein synthesis 
depress feed intake in rats and monogastric farm species (Peng and Harper, 1970; Henry, 
1985). Low-protein diets can decrease feed intake, milk production and milk protein con-
centration in dairy cows (Lee et al., 2012b,c). Such effects will result in increased GHG 
emissions per unit of milk, thus offsetting the potential reduction in manure NH3 and N2O 
emissions due to decreased urinary N excretion. 
Similar to monogastric animals, however, supplementation of the diet with rumen-pro-
tected AA (lysine, methinine, histidine) increased DMI and milk production in high-producing 
dairy cows (Lee et al., 2012c). In some cases, extremely low dietary protein concentrations 
did not seem to affect milk production of dairy cows, although nutrient digestibility and 
microbial protein synthesis in the rumen were depressed (Aschemann et al., 2012). These 
results, however, have to be interpreted in the context of level of milk production, exper-
imental design (specifically trial duration) and MP supply relative to animal requirements. 
The effects of MP- and AA-deficiency on milk production may not be manifested in 
short-term, i.e. cross-over design, experiments due to mobilization of body reserves by the 
cow. An example of this is the study by Lee et al. (2012c), which demonstrated histidine 
to be a limiting AA in high-producing dairy cows fed a MP-deficient diet. In that study, 
blood histidine concentrations were about 50 percent lower in the MP-deficient vs MP-ad-
equate diet, and supplementation with rumen-protected histidine, in addition to lysine 
and methionine, eliminated the drop in milk production observed with the MP-deficient 
diet. In a parallel Latin square design study, however, milk production and plasma histidine 
concentrations were not affected by similar dietary MP-deficiency (Lee et al., 2011c). In 
their analysis of these data, Lee et al. (2012c) pointed out that muscle depots of di-pep-
tides (carnosine, anserine) may serve as sources of histidine (Lapierre et al., 2008) and thus 
histidine deficiency may not become apparent in short-term experiments. In the study of 
(Aschemann et al., 2012) in which dietary CP was as low as 12 percent, intake of the cows 
was restricted and the important effect of CP on DMI (Lee et al., 2011a; Picard et al., 1993) 
could not be demonstrated. 
Overall, feeding protein close to animal requirements, including varying protein concentration with 
the productive stage of the animal, is recommended as an effective manure NH3 and N2O emission 
mitigation practice. Low-protein diets for ruminants should be balanced for RDP in order not to 
impair microbial protein synthesis and fibre degradability in the rumen. Diets for all animals should 
be balanced for AA to avoid feed intake depression and decreased productivity.
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Dietary manipulation
Feeding dairy cows low-protein diets dramatically reduces the proportion of urinary, 
particularly urinary urea N (more than 50 percent) in animal excreta (Misselbrook et al., 
2005a; Colmenero and Broderick, 2006) to around or below 19 percent in dairy cows fed 
diets supplying MP levels 15 percent below NRC (2001) requirements (Lee et al., 2011a; 
Lee et al., 2012b). 
Other authors have shown that dietary CP reduction can reduce both CH4 and N2O 
emissions from stored manure (e.g. Atakora et al., 2011a, 2011b ; Osada et al., 2011) as 
well as following land application (Velthof et al. 2005). Land application reductions are not 
supported by all data because of the large variation in soil conditions. In intensively-man-
aged pastoral systems, supplementation of the pasture with low-N feeds such as corn or 
small grain silage, which will generally reduce dietary N concentration, can reduce urinary 
N losses and consequently, manure and soil NH3 and N2O emissions (by 8 to 36 percent; de 
Klein and Monaghan, 2011). In some systems, however, this reduction may be of a smaller 
magnitude (Velthof et al., 2009), or total GHG emissions may be even increased (Beukes 
et al., 2010), perhaps due to increased synthetic fertilizer use to grow the cereal silage. 
Diet manipulation or feed additives can also reduce GHG emissions from pig and 
poultry manure. Philippe et al. (2009) demonstrated that a high-fibre sow diet fed on a 
restricted basis could reduce both CH4 and N2O emissions from the building. Wu-Haan et 
al. (2007) found that zeolite addition to low protein laying hen diets could reduce manure 
CH4 emission compared with manure from hens receiving untreated diets. The addition of 
thymol to sow diets reduced CH4 emissions from sow manure by up to 93 percent (Varel 
and Wells, 2007). Similar to growing beef, phase-feeding allows swine and poultry produc-
ers to better match nutrients to the changing growth requirements and thus dramatically 
reduce manure nutrient excretions. Exogenous enzymes such as phytase not only enhance 
dramatically phytate-P utilization in monogastric animals but also improve the digestibility 
of protein and reduce N excretion in manure. Wet-dry feeders have been shown to increase 
efficiency by reducing the amount of feed required to achieve a desired weight gain (Penn-
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sylvania State University Extension; http://extension.psu.edu/aec/factsheets/greenhouse-
swine-and-poultry, accessed on 9 February 2013).
Nutrient efficiency can be sought in the field as well. Rochette et al. (2004), Sauer et al. 
(2009), Jarecki et al. (2009), and Meade et al. (2011) showed that applying N in balance 
with crop demands can lower N2O emissions. Utilization of cover crops when fields lie 
fallow can hold N in forms that do not easily undergo denitrification (Sauer et al., 2009).
In conclusion, decreased digestibility of dietary nutrients is expected to increase OM concen-
tration in manure, which may increase manure CH4 emission. Excess dietary protein should 
be avoided because this will likely increase manure N2O emission following land application. 
Overfeeding of protein should also be avoided to reduce NH3 emission from manure. Although 
not a GHG, NH3 is considered an air pollutant contributing to water eutrophication, fine par-
ticulate matter (PM2.5) formation and soil acidification. Ammonia can also provide an indirect 
source of GHG by transforming to N2O following deposition. 
Housing
Structures used around the world to house livestock animals do not directly affect the process-
es resulting in N2O and CH4 emissions; however, the type of structure used to house animals 
determines the method used to store and process manure and eventual litter. Thus, housing 
design can have a significant indirect impact on NH3 and CH4 emissions from animal manure.
Housing systems with solid floors that use hay or straw for bedding accumulate manure 
that has higher DM and is commonly stored in piles creating conditions conducive for nitri-
fication and denitrification resulting in higher N2O emissions. Külling et al. (2001, 2003) 
compared liquid manure with stacked manure handling systems, and their results indicated 
that farm yard manure and deep litter manure handling systems tend to produce higher 
N2O emissions than slurry-based systems. In these studies, quantitative differences in N2O 
emissions from the manure handling systems being evaluated were difficult to determine 
because protein content in the diet and NH3 emission from manure also varied. Higher CH4 
emissions were reported from farm yard manure, followed by liquid slurry and deep litter 
manure. 
Amon et al. (2001) compared composted, anaerobically-stacked and slurry-based 
manure and found higher NH3 emissions in composted manure with most of the losses 
occurring after manure was turned during aeration. These authors found much higher 
N2O and CH4 emissions from anaerobically-stacked manure and no significant difference 
between slurry-based and straw-based manure systems. 
Housing systems with slatted floors accumulate manure in liquid form, which is com-
monly stored for longer periods of time and therefore tends to increase the production of 
CH4 and reduce the production of N2O. 
Hassouna et al. (2010) studied gaseous emissions from cattle housing in France and 
found higher N2O emissions in buildings with straw-based bedding and solid manure han-
dling systems when compared with liquid manure handling systems. Nitrous oxide emis-
sions were detected in only two of the 14 liquid manure systems studied by Hassouna et 
al. (2010). The same study found smaller differences between CH4 emissions from buildings 
using straw-based solid manure or liquid manure systems and attributed this result to the 
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difficulty in discerning enteric CH4 emissions from emissions resulting from manure because 
the former comprise most of the CH4 emitted from the buildings studied. 
Hristov et al. (2012b) investigated the effect of manure management on barn floor 
NH3, CH4, N2O, and CO2 emissions from 12 commercial dairy farms in Pennsylvania. Dairies 
participating in the study had flush (manure was flushed twice daily), two types of scrape 
(manure was scraped daily) and gravity-flow (manure was accumulated under the building 
and removed several times during the year) manure systems. Barn floor NH3 emissions were 
considerably lower for the flush manure systems (average of 167 mg/m2/h) and highest for 
the gravity-flow system (426 mg/m2/h). Methane emissions were also lowest for the flush 
(37 mg/m2/h) and much higher for the gravity-flow system (1 216 mg/m2/h). Carbon dioxide 
emissions were not different between manure systems (ranging from about 2 000 to 7 000 
mg/m2/h), and N2O emissions were negligible in all systems. This study showed that NH3, and 
particularly CH4, emissions from manure are much higher from dairy barns in which manure 
is stored for prolonged periods of time than in barns from which manure is removed daily. 
With ruminants, however, the animal is the main source of GHG and housing design 
and manure system within the animal housing usually have a smaller effect on CH4 emis-
sions, with N2O emissions from manure storage being negligible. Jungbluth et al. (2001), 
for example, reported 223 g CH4, 6.5 kg CO2, and only 1.6 g N2O emissions per livestock 
unit (1 livestock unit = 500 kg BW) per day from dairy cows in loose housing in Germany. 
There is a large amount of research on the effect of housing on NH3 emission from 
swine operations. The amount of manure stored in under-floor storage has no significant 
impact on NH3 emissions. It is surface area of manure, not volume, which is proportional 
to NH3 release (Ni et al., 1999). 
Continuous feeding of manure pits in commercial piggeries affects the air volume in 
the pit above the manure. This change may influence airflow patterns inside the pits. The 
type of floor in swine housing has some bearing on the NH3 concentration in the air of 
the pig house. In swine houses with both solid (38 percent) and slatted floors (62 percent) 
above manure storage pits, approximately one-third of NH3 emissions originated on the 
slatted floor and two-thirds from under-floor pits (i.e. 60-70 percent from pits; Hoeksma 
et al., 1992). Another study reported that in pens with 25 percent and 50 percent slatted 
floors, 40 percent and 23 percent of NH3 emissions originated from the slats, respectively 
(Aarnink et al., 1996). 
Surface area of dung in these buildings affects NH3 emissions (Hesse, 1994; Aarnink et 
al., 1996; Jungbluth and Büscher, 1996). Because floor contamination increases the surface 
area of manure, a positive linear relationship between steady state NH3 emissions and area 
of floor contamination has been shown to exist (Hesse, 1994, Ni et al., 1999). Higher floor 
contamination is related to weight of pigs and inside temperature (Hoeksma et al., 1992; 
Ni et al., 1999). Greater areas are befouled in summer than winter (Voermans and Hen-
driks, 1995). The influence of ventilation rate and inside air temperature on NH3 release is 
stronger when floors have higher contamination rates (Ni et al., 1999). 
In most agricultural settings, manure surface area is influenced by animal activity, with 
a renewal of the surface layer of the manure on the floor or in the pit with excretion, uri-
nation or other physical disturbance. Philippe et al. (2007) compared GHG emissions from 
fattening pigs raised on concrete slatted floor or straw based deep litter. Pigs fattened on 
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deep litter released nearly 20 percent more GHG than on slatted floor (6.2 and 13.1 g per 
pig per day for NH3, 0.54 and 1.11 g per pig per day for N2O, and 16.3 and 16.0 g per pig 
per day for CH4, respectively). 
The type of housing system also determines the feasibility of using anaerobic digestion or 
composting to treat the manure with its associated effects on non-CO2 GHG emissions. As 
described in IAEA (2008), the types of housing system used in Asia facilitate different strategies 
for manure treatment depending on the capital resources of the producer. Housing systems 
used by small producers with limited capital resources usually have solid concrete floors and 
provide limited options for manure treatment. A popular alternative for smallholders is anaer-
obic digestion of animal and household waste, usually funded by government programmes. 
Medium to large producers have better access to capital investment, have specialized produc-
tion determined by surrounding markets, and generally use raised slatted floors that allow 
collection of manure for further treatment through solids separation and anaerobic digestion.
Enclosed housing systems provide additional opportunities to mitigate N2O and CH4 emit-
ted from manure and enteric fermentation inside the structure. Gases temporary collected 
inside mechanically ventilated structures in Europe and North America provide opportunities 
to treat those gases as they are evacuated via the exhaust stream through filtration and scrub-
bing as discussed in the previous section. An interesting mitigation technology uses titanium 
dioxide (TiO2) paint on the interior wall of swine houses. Industrial uses of TiO2 show that 
stimulation of its photocatalytic properties by UV light lead to oxidation of NH3 and NOx (e.g. 
Lee et al., 2002; Allen et al., 2005). Studies by Guarino et al. (2008) and Costa et al. (2012) in 
swine houses showed that GHG mitigation with TiO2 paint holds promise, but further research 
on practical implementation is warranted. Alkali and alkaline earth metal oxides, hydroxides 
and carbonates/bicarbonates have been shown to have high CO2 absorption capacity and 
are being investigated for CO2 sorbent applications (Duan et al., 2012). In the future, these 
technologies may find application as GHG mitigation options in animal agriculture as well.
 
Animal housing may affect GHG emissions through the method used to collect, store and 
process manure and litter. Farm yard manure and deep litter manure handling systems tend 
to produce higher N2O emissions than slurry-based systems. Straw-based bedding and solid 
manure handling systems also tend to increase N2O emissions compared with liquid manure 
handling systems. In general, manure systems in which manure is stored for prolonged periods 
of time produce greater NH3 and CH4 emissions compared with systems in which manure is 
removed daily. Slatted floor manure systems tend to decrease GHG and NH3 emissions com-
pared with deep litter systems. In general, the effect of housing for ruminant animal on CH4 
emissions is relatively small because the animal is the main source of CH4; N2O emissions from 
ruminant housing are also usually negligible. However, housing and manure systems have a 
greater impact on NH3 emission from animal operations.
Biofiltration
This technology is based on treatment of ventilated air from animal buildings using biolog-
ical scrubbers to convert NH3 into NO3, or biological beds to absorb NH3. It has also been 
used for odour control. Preventing NH3 losses may also indirectly reduce N2O emissions by 
reducing ammonium deposition and consequent conversion to N2O (see earlier discussion). 
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Ammonia removal efficiency in swine and poultry houses from acid scrubbers and 
biotrickling filters (based on biofilms that degrade the odorous compounds) averaged 96 
percent and 70 percent, respectively (Melse and Ogink, 2005). Shah et al. (2011) inves-
tigated the effectiveness of a coupled biofilter-heat exchanger in reducing NH3 emissions 
(and recover heat) in a broiler house. The biofilter was effective in treating very high inlet 
NH3 concentrations (> 96 mg/kg) with removal efficiencies > 79 percent for empty bed 
residence times ranging from 4.3 to 29.1 seconds. The biofilter was apparently also able to 
trap some sulphurous gases emitted from the broiler house. 
Recent reports (Maia et al. 2012a, 2012b) have shown that biofilters used to scrub 
NH3 from exhaust streams in animal houses generate N2O as a result of nitrification and 
denitrification processes in the biofiltration media. In their first study, Maia et al. (2012a) 
showed a high correlation between biofilter NH3 removal and N2O generation associated 
with conversion of NH3 to nitrite and nitrate in the biofilter. In their second study, Maia 
et al. (2012b) reported that moisture content between 48 to 52 percent in the biofilter 
media was an important factor in obtaining significant NH3 reduction and reducing N2O 
production. Thus, N2O production in biofilter scrubbers should be taken into account when 
implementing biofiltration systems for GHG and NH3 mitigation.
A few studies have investigated CH4 mitigation by passing contaminated air from above a 
swine manure storage or from swine housing through a biofiltration system. A Canadian Pork 
Council (2006) study reported reductions of 50 to 60 percent, and Girard et al. (2011) report-
ed a maximum reduction of up to 40 percent. Girard et al. (2011) described their biofilter as 
“packed with inorganic material”, but the nature of the packing material was not disclosed. 
Melse and Van der Werf (2005) reported up to 85 percent CH4 removal from the 
exhaust stream of a covered swine liquid manure storage using a biofiltration system com-
posed of a mixture of compost and perlite inoculated with CH4 oxidizing bacteria collected 
from activated sludge. The CH4 removal capacity of the biofilter system tested in that study 
depended on the concentration of CH4 in the filtered stream and, therefore, the authors 
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period (Hristov et al., 2011a).
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extrapolated that an equivalent system for animal housing with low CH4 concentration 
in the filtered stream would require very large biofilter systems to achieve 50 percent 
reduction or more, pointing to this as a limitation in the applicability of this approach. In 
addition, they reported N2O production in the biofiltration system contributing from 4 to 
64 percent of the outlet stream GHG-CO2 equivalents, which as mentioned above, needs 
to be included in the design and promotion of biofiltration strategies for GHG mitigation. 
High residence time is necessary in these systems because the low solubility and biodeg-
radability of CH4 hinder effectiveness (Melse and Verdoes, 2005). Melse and Timmerman 
(2009) reported on the potential to use multi-pollutant scrubbers, combining acid scrub-
bers, biological filters and water curtains to reduce not only NH3, odours and GHG but also 
particulate matter from animal housing exhaust systems.
Provided there is sufficient air residence time, biofilters can be recommended as an abatement 
strategy for CH4 (as well as NH3 and odour) but may not be applicable for many animal opera-
tions. Potential N2O production in biofilter scrubbers should be taken into consideration. 
Manure storage and separation 
Greenhouse gas emissions from stored manure are primarily in the form of CH4 (due to 
anaerobic conditions). Volatilization losses of NH3 are large and N2O emissions could also 
occur. One simple way to avoid cumulative GHG emissions is to reduce the time manure 
is stored (Philippe et al., 2007; Costa et al., 2012). Increasing the time of manure storage 
increases the period during which CH4 (and potentially N2O) is emitted, as well as the emis-
sion rate, creating a compound effect (Philippe et al., 2007). 
Storage treatments that provide aeration such as mechanical aeration27 or intermittent 
aeration28 have been shown to reduce CH4 emissions. Temperature is a critical factor reg-
ulating processes leading to NH3 (Sommer et al., 2006) and CH4 (Steed and Hashimoto, 
1994) emissions from stored manure. Decreasing manure temperature to < 10 °C, by 
removing the manure from the building and storing it outside in cold climates, can mitigate 
CH4 emissions (Monteny et al., 2006). 
Philippe et al. (2007) demonstrated that fattening pigs raised on slatted floors yielded 
less non-CO2 GHG emissions than those reared in deep litter (N2O, P < 0.001; CH4 lower 
but not statistically significant), although the values reported in the literature for these 
systems are highly variable. Recently, Dong et al. (2011) studied stacking of raw manure of 
Chinese hogs in a laboratory setting. Relationships between stacking height and both CH4 
and N2O emissions were found, and a stack height of 20 cm mitigated both gases. 
Proper aeration and moisture management have reduced CH4 generation from poultry 
manure (Li and Xin, 2010). Ventilated belt removal of laying hen manure can reduce CH4 
emissions compared to deep-pit storage (Fabbri et al., 2007). A wide range of storage 
management and treatment scenarios exist, and more work is needed to develop practical 
and economically feasible techniques that can be widely used.
Separation of swine slurry into solid and liquid portions, and then treating the solids through 
aerated composting reduced CH4 emissions by 99 percent and N2O emissions by 75 percent 
27 See Martinez et al. (2003); Boursier et al. (2004); Amon et al. (2006); and Loyon et al. (2007).
28 See Osada (2000); and Osada et al. (1995).
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compared with untreated manure (Vanotti et al., 2008). However, due to the often negative 
relationship between NH3 and N2O emissions (Petersen and Sommer, 2011), this process is 
likely to increase NH3 emissions and perhaps total N losses from manure. Amon et al. (2001) 
reported higher NH3 losses from an actively turned composting pile of solid cattle manure than 
from an undisturbed anaerobically stored pile, with the opposite effect for N2O emissions. 
As pointed out by Petersen and Sommer (2011), in manure management, all GHG 
emissions and energy transformations must be considered. Sommer et al. (2009) simulated 
several manure management scenarios using data from four European countries and sug-
gested that solids and liquid separation followed by incineration of the solids can reduce 
overall GHG emissions by 49 to as much as 82 percent compared with the reference sys-
tem. Cayuela et al. (2010) investigated C and N dynamics and GHG emissions following 
application of 10 by-products from different bioenergy processes (anaerobic digestion, first 
and second generation biofuel by-products, rapeseed meal, DDGS, different lignocellulosic 
materials, and pyrolysis, i.e. biochars) to soil. After 60 days, over 80 percent of applied C 
was emitted as CO2 in the first-generation biofuel residue treatments, 60 percent for the 
second-generation biofuel residues, and 40 percent for the anaerobic digestion residues. 
Biochars had the lowest CO2 loss (between 0.5 percent and 5.8 percent of total added C). 
First-generation biofuel residues resulted in the highest total N2O emissions (between 2.5 
percent and 6.0 percent of applied N), followed by second-generation biofuel residues (1.0 
percent to 2.0 percent of applied N), anaerobic digestion residues (less than 1 percent of 
applied N), and the biochars decreased N2O emissions below background values. 
Most mitigation options for GHG emissions from stored manure, such as reducing the time of 
manure storage, aeration, slatted floors and stacking, are generally aimed at decreasing the 
time allowed for microbial fermentation processes to occur or at creating aerobic conditions 
before land application. These mitigation practices are effective, but their economic feasibility is 
uncertain. Separation of manure into liquid and solids and aerobically composting the solids has 
been shown to reduce CH4 but may have a variable effect on N2O emissions and will increase 
NH3 and total manure N losses. 
Manure storage covers
Several types of manure storage covers have been reported in the literature, ranging from 
natural crusts in manure storages with high solids content29, to straw, wood chips, oil 
layers, expanded clay, wood, semi-permeable and sealed plastic covers30. The effectiveness 
of the manure storage cover depends on many factors, including permeability, cover thick-
ness, degradability, porosity and management. Semi-permeable covers such as naturally 
crusted manures, straw, wood chips and expanded clay generally reduce odour and NH3 
and CH4 emissions, with the level of reduction depending on the permeability and thick-
ness of the cover layer31. 
29 See Misselbrook et al. (2005b); and Smith et al. (2007b).
30 See Sommer et al. (2000); Nicolai and Pohl (2004); Bicudo et al. (2004); Clemens et al. (2006); Guarino et al. 
(2006); and VanderZaag et al. (2008, 2009, 2010).
31 See Sommer et al. (2000); Lague et al. (2005); Guarino et al. (2006); Clemens et al. (2006); and VanderZaag 
et al. (2008).
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Nonetheless, semi-permeable storage covers tend to increase N2O emission because 
they provide optimal aerobic conditions for nitrification at the cover surface and at the 
same time create a low oxygen environment just below the cover favourable for denitrifi-
cation and production of N2O (Hansen et al., 2009; Nielsen et al., 2010). Semi-permeable 
covers are valuable for reducing NH3, CH4, and odour emissions but likely increase N2O 
emissions (Sommer et al., 2000; Guarino et al., 2006; VanderZaag et al., 2008). Therefore 
the effectiveness of semi-permeable manure storage covers is not clear, and results vary 
widely depending on the material and the particular conditions in which it is applied.
Capturing the gases produced using impermeable membranes, such as oil layers and 
sealed plastic covers, would result in reduced NH3, N2O and CH4 emissions32. The results 
from Guarino et al. (2006) and VandeerZaag et al. (2008) suggest that using a vegetable 
oil layer as a manure storage cover, although very effective, is not very practical because 
of degradability, generation of foul odours and difficulty in preventing the oil film from 
becoming mixed or “broken” over the manure surface.
Covering manure storages with impermeable covers is an effective mitigation practice 
if the CH4 captured under the cover is burned using a flare system or engine-generator to 
produce electricity; otherwise the captured CH4 would build pressure inside the storage 
creating an explosion hazard and/or escape through leaks and cover ruptures. Sealing the 
manure storage with an impermeable cover results in increased air pressure inside the stor-
age structure reducing the fraction of gases in the gas phase and increasing the fraction 
trapped in liquid manure. The increased fraction of gases trapped in the liquid fraction of 
the manure is then released when the pressure in the manure storage container is reduced 
as manure is transported and applied in the field. 
Retaining the CH4 produced is not beneficial if it escapes at a later stage; therefore, 
burning or combusting the collected CH4 to produce electricity or heat is the most desirable 
option. The effectiveness of impermeable covers depends on transforming the collected 
gases to less potent GHG gases such as NOx and CO2 (Nicolai and Pohl, 2004; Rotz and 
Hafner, 2011). 
Semi-permeable covers are valuable for reducing NH3, CH4 and odour emissions but likely 
increase N2O emissions; therefore, their effectiveness is not clear and results may vary widely. 
Impermeable membranes, such as oil layers and sealed plastic covers, are effective in reducing 
gaseous emissions but are not very practical. Combusting CH4 accumulated under imperme-
able covers to produce electricity or heat is recommended.
Manure acidification
An important factor affecting GHG emissions, in particular NH3, from stored manure 
is pH. According to Petersen and Sommer (2011), manure acidification is an effective 
mitigation option for NH3 emissions, but the effect on N2O is not well studied. The 
relationships between NH3 volatilization and factors such as air velocity and turbulence, 
manure temperature and manure pH have been well-documented (see discussion in 
Ndegwa et al., 2011). 
32 See Nicolai and Pohl (2004); Bicudo et al. (2004); Guarino et al. (2006); and VanderZaag et al. (2008).
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Ammonia volatilization is directly proportional to the proportion of NH3-N in the total 
ammoniacal nitrogen (TAN) in manure. At constant temperature, the dissociation constant 
(Kd), which is a function of medium pH, determines the equilibrium between ammonium 
and NH3 in aqueous systems. Lower manure pH results in lower proportion of NH3 and, 
therefore, decreased potential of NH3 volatilization. Acidification of animal manure for 
mitigation of NH3 emission relies on this fundamental principle. 
Ndegwa et al. (2011) listed 15 studies in which cattle, pig or poultry manure NH3 emissions 
were successfully mitigated (from 14 to 100 percent reduction in emissions) by lowering manure 
pH with sulphuric, hydrochloric or phosphoric acids, calcium chloride, alum or monocalcium 
phosphate monohydrate. These authors concluded that strong acids are more cost-effective 
at reducing manure pH than weaker acids or acidifying salts. However, strong acids are more 
hazardous and, therefore, acidifying salts and weaker acids may be more suitable for on-farm 
use. Acidification of urine and, consequently, manure from cattle or mono-gastric farm animals 
has been also attempted using anionic salts, high dietary levels of fermentable carbohydrates, 
organic (benzoic) acids, or Ca- and P-salts (see discussion in Ndegwa et al., 2008).
A commercial system used on several farms in Denmark acidifies a portion of the manure 
with concentrated sulphuric acid to a pH of 5.5, removes a portion of the acidified manure 
equivalent to the daily manure production, and returns the remaining manure to the storage 
facility (Sørensen and Eriksen, 2009). These authors concluded that NH3 volatilization from 
acidified cattle and pig manure was low, after both soil incorporation and surface applica-
tion. Petersen et al. (2012) studied the effect of acidification on CH4 (and NH3) emission 
from fresh and aged cattle manure during three months of storage. Manure pH was adjust-
ed to 5.5 with sulphuric acid. The commercial equipment described above was also studied 
on two farms. Samples of manure were stored for 95 days, and NH3 and CH4 emissions 
were monitored. Manure pH increased gradually to 6.5 to 7 during storage. Acidification 
had a dramatic effect on emissions, reducing CH4 by 67 to 87 percent (more pronounced 
with aged manure) and almost completely eliminating NH3 emissions. The authors conclud-
ed that manure acidification may be a cost-effective GHG mitigation practice.
Application of acidified manure is not expected to greatly impact crop production; the 
pH range of acidified manure is within the optimal range for corn and many cereal crops 
(5.5 to 6.5; Tisdale et al., 1993). Approximately 30 percent of soils worldwide, and about 
60 percent in Asia, are acidic (< pH 5.5) and already require periodic lime applications 
to maintain optimal pH (von Uexküll and Mutert, 1995). Smaller quantities of acidified 
manure would also be needed per hectare to provide crop N requirements because the 
reduction in NH3 emissions provides manure with a greater plant-available N content. 
However, long-term impacts of the land application of acidified manures on soil pH have 
not been reported, and more frequent application of lime to maintain optimal pH in some 
soils could be required. Application of acidified manure onto acidified soils could exacer-
bate this problem.
Moderate decrease in manure pH through acidification significantly reduces NH3 volatilization 
and CH4 losses from stored manure. The effect on N2O emissions following soil application is 
not well studied and may be increased if the inverse relationship between NH3 and N2O emis-
sions holds in this case.
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Composting
Composting is an exotermic, aerobic process of microbial decomposition of organic matter 
that has several benefits related to manure handling, odour control, manure moisture and 
pathogen control, OM stabilization, additional farm income, etc. Composted manure solids 
(following manure separation into solids and liquid) is also being used as bedding in some 
dairy production systems to reduce cost of production and provide cow comfort, assuming 
udder health is not compromised (Husfeldt et al., 2012). 
However, due to the nature of the composting process, N losses can be high and are 
influenced by a number of factors, including temperature, C/N ratio, pH, moisture and 
material consistency (Zeman et al., 2002). Compost can be a source of N2O emissions. Both 
nitrification and denitrification processes occur in composted manure, with Bacillus species 
being the main players in the degradation of organic material and betaproteobacterial 
NH3-oxidizing bacteria involved in the nitrification process (Maeda et al., 2011). Hao et al. 
(2004) reported up to 30 percent DM, 53 percent C, and 42 percent of the initial N being 
lost during composting of straw-bedded manure. Methane losses accounted for 6 percent 
of the C losses, but the net contribution of CH4 to total GHG losses was the highest. 
Nitrous oxide losses represented 1 to 6 percent of the total N losses. 
Depending on the intensity of composting, NH3 losses can be particularly high, reaching 
up to 50 percent of the total manure N (Peigné and Girardin, 2004). Aeration of compost-
ing heap reduces CH4 emissions (Thompson et al., 2004; Jiang et al., 2011b; Park et al., 
2011) but can increase NH3 and N2O losses (Tao et al., 2011). 
Addition of mature compost with nitrite-oxidizing bacteria to actively composted swine 
manure was shown to reduce N2O emission by 70 percent (Fukumoto and Inubushi, 2009). 
These authors reported that up to 19 percent of the total manure N was lost as NH3 and 
N2O. Brown et al. (2008) reviewed the impact of composting of a range of feed stocks 
(including animal manure) on GHG emissions. 
As discussed earlier and pointed out by Brown et al. (2008), the primary benefit of com-
posting is that it reduces CH4 emissions compared with storage of manure under anaerobic 
conditions. These authors estimated, for example, that a facility that composts an equal mixture 
of manure, newsprint and food waste could conserve the equivalent of 3.1 Mg CO2 per Mg of 
dry feed stocks composted if feed stocks were diverted from anaerobic storage lagoons and 
landfills with no gas collection mechanisms. Greenhouse gas debits are accumulated through 
the energy required for the composting process and the release of GHG during composting. 
According to Clemens et al. (2006), raw cattle manure can release from about 160 (win-
ter) to 3 600 (summer) g/m3 CH4 and 38 to 57 g/m3 N2O. For digested manure, the release 
rates are from 80 (winter) to 1 200 g/m3 (summer) CH4 and 40 to 76 g/m3 N2O respectively. 
A recent study by Kariyapperuma et al. (2012) reported a 57 percent decrease in soil N2O 
emissions with composted vs liquid pig manure. Remarkably, emissions during the same 
period of the following year were not different between composted and non-composted 
manure; the authors attributed the lack of difference to a significant reduction in emissions 
in the second year due to freezing of the soil. 
In spite of significant GHG emissions from composting, however, the review by Brown 
et al. (2008) concluded that, even in a worst-case scenario, these emissions are minimal in 
comparison to the benefits associated with the CH4 reduction credits from composting. The 
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authors also stated that it is possible to significantly reduce emissions from compost piles 
by increasing the solids content of the feed stocks and the C/N ratio. Overall, Brown et al. 
(2008) concluded that composting can be an effective method for reducing GHG emissions 
from a range of waste materials, including animal manure. It must be noted, however, that 
NH3 losses during manure composting are significant. 
Aerating, reducing moisture and increasing solids content of stored manure are some 
of the practices that reportedly prevent anaerobic conditions during manure storage and 
therefore reduce CH4 emissions33. When manure is stored as a liquid or slurry, it is difficult 
to avoid anaerobic conditions, so the most effective practice is to cover the storage to 
prevent CH4 emissions.
Composting of animal manure causes significant N and CO2 losses, but the benefits of 
reducing odour and CH4 emissions, compared with anaerobically-stored manure, make it a 
recommended GHG mitigating option. Nitrogen losses, predominantly as NH3 but also as 
N2O, however, are large.
Anaerobic digestion
Anaerobic digestion is the process of degradation of organic materials by archaea in the 
absence of oxygen, producing CH4, CO2, and other gases as by-products and is a promising 
practice for mitigating GHG emissions from collected manure. In addition, when correctly oper-
ated, anaerobic digesters are a source of renewable energy in the form of biogas, which is 60 
to 80 percent CH4, depending on the substrate and operation conditions (Roos et al., 2004). 
Anaerobic digesters also provide opportunities to reduce pathogens and manure odour34. 
During the anaerobic digestion process, N-containing compounds found in substrates, 
such as proteins, AA and urea, are reduced to NH3 (Bernet et al., 2000). Ammonia remain-
ing in the aqueous solution is used for crop fertilization when the digestate is land-applied 
(Bernet et al., 2000; Hafner et al., 2006). Anaerobic digestion stabilizes the organic C in the 
feedstock (reducing the fraction of easily degradable C in manures), increases plant availa-
bility of N and provides less energy to support the growth of N2O-forming microorganisms, 
reducing the potential of N2O emissions when applied to soil35. Mineralization of organic 
N and VFA during anaerobic digestion increases manure pH and available N, which may 
potentially increase NH3 volatilization (Petersen and Sommer, 2011).
In general, reduction of manure OM content is expected to reduce N2O emissions from 
manure-amended soils (Petersen, 1999; Bertora et al., 2008), although Thomsen et al. 
(2010) reported higher N2O emissions when treated manure36 was applied in a wet spring. 
These contradictory results led Petersen and Sommer (2011) to conclude that there is no 
simple relationship between removal of manure OM and the risk of N2O emissions. To 
address this controversy, Thomsen et al. (2010) proposed linking the balance between N2O 
and N2 to soil water-filled pore space and O2 supply. This relationship has been discussed 
in detail by Petersen and Sommer (2011); the authors concluded that prediction of N2O 
33 See Amon et al. (2001); Cardenas et al. (2007); Moller et al. (2004); and Molodovskaya et al. (2008).
34 See Abou Nohra et al. (2003); Remais et al. (2009); and Dhingra et al. (2011).
35 See Safley and Westerman (1994); Petersen (1999); Sommer et al. (2000); and Lantz et al. (2007).
36 Using various treatment methods, including anaerobic digestion.
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emissions from manure-amended soil depends on manure composition and soil condi-
tions. Masse et al. (2011) noted high variability between N2O emissions, referring to six 
studies37 that found similar differences in emissions of the gas when comparing digested 
and non-digested manures. Three practical temperature ranges are generally considered for 
anaerobic biogas systems: psychrophilic (15 to 25 °C), mesophilic (30 to 38 °C), and ther-
mophilic (50 to 60 °C). These temperature ranges facilitate the growth of specific microbes. 
Thermophilic systems are more sensitive to environmental changes, such as temperature 
fluctuations and chemical concentrations produced during the digestion process (Kim et al., 
2002; Ahn and Forster, 2002; El-Mashad et al., 2003) because the number of functional 
microorganism species that thrive at this temperature is considerably less than those that 
survive at lower temperatures (Ziekus, 1977; Wolfe, 1979; Smith, 1980). Below 15 °C, the 
production of biogas is greatly reduced and CO2 becomes the dominant product of anaero-
bic digestion; therefore, anaerobic digestion systems are not recommended for geographic 
locations with average temperatures below this threshold without supplemental heat and 
temperature control (Sommer et al., 2007).
The effluent coming out of the digester, commonly called digestate, contains most 
of the soluble plant nutrients found in the feedstock and the more resilient, difficult to 
degrade organic material38. The digestate is commonly applied directly to crops while the 
sludge, formed by precipitated minerals and undigested OM, may be composted before 
being field-applied. 
Digester designs vary widely in size, function and operational parameters. Smaller digest-
ers (6 to 10 m3) designed to improve sanitary conditions in developing countries and to 
provide energy for single family dwellings were promoted in the 1970s and 1980s through-
out Asia and Latin America (Bond and Templeton, 2011; Jiang et al., 2011a). These were 
designed to function with the waste originating from a few animals (two to five pigs, five to 
ten cows, 100 chickens, or a combination of these) together with the family dwelling waste. 
According to Dhingra et al. (2011), these types of digester reduce GHG emissions 
between 23 percent and 53 percent when compared with households without biogas, 
depending on the condition of the digester, technical assistance and operator ability. The 
effectiveness of these types of digester for mitigating GHG depends mostly on the amount 
of CH4 leakage39 that occurs through digester walls and piping delivering biogas to the 
family dwelling (Dhingra et al., 2011). These small digesters have been used by farmers in 
developing countries only when government subsidies and economic incentives have been 
available (Bond and Templeton, 2011).
Commercial farm digesters are typically designed to treat liquid manures. This is favour-
able for offsetting CH4 emissions because liquid systems contribute to CH4 emissions while 
manure stored in solid form produces little CH4 (EPA, 2011). There are four basic commer-
cial farm-level anaerobic digestion vessel designs (Roos et al., 2004):
•	 Covered lagoon digestion systems are ambient (psychrophilic) temperature systems 
that require manure with a solid content of 3 percent or less and storage cover 
37 Pain et al. (1990); Rubaek et al. (1996); Velthof et al. (2005); Clemens et al. (2006); Vallejo et al. (2006); and 
Thomsen et al. (2010).
38 See Shih (1987, 1993); Sundradjat (1990); Vermeulen et al. (1992); Salminen et al. (2001); and Lantz et al. (2007).
39 This leakage increases GHG emission by 17 to 40 percent.
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to maintain anaerobic conditions. These systems typically use the largest type of 
digester with the longest hydraulic retention time. 
•	 Complete mix digesters consist of an engineered digestion vessel designed to 
handle manure slurries with a solid content from 3 to 10 percent. A mixing system 
enhances bacterial contact with OM. Supplemental heat is often added to these 
systems so that they operate at mesophilic temperatures, which promotes bacterial 
growth and a shorter hydraulic retention time. 
•	 Plug-flow digesters and fixed domes use a vessel that receives manure at one end 
and discharges from the opposite end with no mixing or agitation. These systems 
may be heated to a mesophilic temperature and require slurry with a solid content 
of 11 to 13 percent. Small-scale digesters are often of this design. 
•	 Fixed-film digesters use a medium, such as rope, plastic mesh or beads, placed in 
the vessel, on which bacteria can grow. Dilute manures with solid content of 3 
percent or less are passed across (or through) the medium in these systems. While 
other systems rely solely on suspended microbial growth, these systems also fea-
ture attached microbial growth. 
Widespread commercial farm digester adoption has not occurred because of variable 
economic return (Hill et al., 1985; Safley and Westerman, 1994; Braber, 1995) and also 
because of the limited competitiveness of biogas with other fuel used for heat or combined 
heat and power (Lantz et al., 2007) 
Industrial biogas digesters are used to produce renewable energy for towns and munic-
ipalities. These digesters, prevalent mostly in Europe, use biomass collected from several 
farms to feed the anaerobic digesters. Co-digestion of agricultural biomass, industrial 
organic waste and animal manures is a common practice in industrial biogas plants because 
it allows the operator to optimize CH4 production, while reducing the impact of ammonium 
on gas production and the C:N ratio to be optimized (Ward et al., 2008). 
When CH4 is collected and used as an energy source, it can substitute for combusted 
fossil fuels reducing the emissions of GHG, NOx, hydrocarbons and particulate matter (Bör-
jesson and Berglund, 2006). These authors compared the emissions from the life cycle of 
raw materials used for anaerobic digestion (six various feed stocks, including swine manure) 
and the emission from systems that the anaerobic digestion process replaced. One of the 
serious concerns identified in the report involved uncontrolled losses of CH4 from biogas 
plants, including losses from stored manure after it had been removed from gas collection 
areas and gas leakages in other system components. Typical losses from systems storing 
digested manure were reported to range from 5 to 20 percent of total biogas produced 
(Bjurling and Svärd, 1998; Sommer et al., 2001). 
In a follow-up report, Börjesson and Berglund (2007) further explored overall environ-
mental impact when biogas systems replace various energy production reference systems. 
The investigation was based on Swedish conditions using an LCA approach while consider-
ing both direct and indirect effects between different biogas and reference systems. Green-
house gas emissions per unit of heat were reduced 10 to 25 percent when biogas-based 
heat replaced fossil fuel-based heat. Emissions from biogas systems contributed 60 to 75 
percent and 25 to 40 percent of the life-cycle emissions for CO2 and CH4 in the reference, 
fuel-based system, respectively.
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Data on the anaerobic digestion of poultry waste as a GHG mitigation practice is very 
limited. Several studies show successful biogas production using poultry waste as a com-
ponent of co-digestion (digesting poultry waste with other manures – beneficial due to 
the complementary composition of the different manures); however, the impact on GHG 
mitigation is not reported. The ability to use anaerobic digestion to create, capture and 
destroy CH4 derived from swine manure is well documented (Safley and Westerman, 1994; 
Masse et al., 2003a,b). Although it is possible to reduce CH4 emissions by over 60 percent 
from swine manure using anaerobic digestion, the amount of CH4 produced and collected 
does not directly translate into an equal amount of reduced CH4 emissions because the 
untreated manure would have been unlikely to yield the same amount of CH4 gas. 
Most literature reviewed focused on research that compared digested manure with 
manures that received no treatment or a different treatment. In this manner, the biogas 
removed is not considered in the emission comparisons of non-digested versus digested 
manure by many authors who use the assumption that biogas produced during digestion 
will be destroyed through controlled combustion. A number of the studies referenced here 
considered emissions from digested manure after it was land-applied40. Reductions of N2O 
emissions in these papers were as high as 70 percent compared with untreated manure 
applications. One commonly stated reason for this decrease was that digested manure 
contains less OM (degradable C) providing less energy for nitrite-forming microorganisms, 
which subsequently limits N2O production. 
Anaerobic digestion has a significant potential to capture and destroy most CH4 from 
manure, but also because of its potential to avoid emissions of the gas from untreated manure 
and to provide energy and sanitation opportunities for developing countries. Although most 
anaerobic digestion systems significantly reduce GHG emissions when compared with tra-
ditional manure handling systems, incorrect operation, lack of maintenance and CH4 leaks 
can make them a net contributor to GHG. For this reason it is imperative that system designs 
and components ensure containment of all biogas. The potential for anaerobic digestion to 
mitigate N2O emissions after the digested manure is land applied is promising, but many 
parameters involved with field application have contributed to conflicting reports.
Anaerobic digestion systems require large initial capital investments during construction 
along with ongoing maintenance and supervision. Therefore, historically, the adoption 
of this type of technology occurs only when economic incentives are offered as price 
advantages for biogas (biofuels and renewable policy incentives), when the capital cost of 
construction and maintenance is subsidized or when no competitive energy source alter-
native is available. Furthermore, instruction and technical assistance to users are necessary 
in implementing successful anaerobic digestion mitigation practices because the correct 
operation of anaerobic digesters is not trivial and 50 percent failure rates are common 
(Bond and Templeton, 2011; Jiang et al., 2011b).
Use of anaerobic manure digesters is a recommended GHG mitigation strategy that has a 
significant potential to capture and destroy most CH4 from manure, generates renewable 
40 See Petersen (1999); Clemens and Huschka (2001); Amon et al. (2006); Monteny et al. (2006); Chantigny et al. 
(2007); Bertora et al. (2008); Insam and Wett (2008); and Pelletier et al. (2010).
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energy and provides sanitation opportunities in developing countries. Management of diges-
tion systems is important, so that they do not become net emitters of CH4. There might also 
be a potential for mitigating N 2 O emissions following land application of the digested manure, 
although results are contradictory. On larger farms, these systems may require large initial capi-
tal investments. The adoption of this type of technology on farms of all sizes may not be widely 
applicable and will heavily depend on climatic conditions and availability of alternative sources 
of energy. Instruction and technical assistance are also necessary in implementing successful 
anaerobic digestion mitigation practices. Anaerobic digestion systems are not recommended 
for geographic locations with average temperatures below 15 °C without supplemental heat 
and temperature control.
Manure application
As discussed earlier, manure is a valuable resource and is best utilized as fertilizer. However, 
increased animal density accompanied by continuous inflow of nutrients with imported 
feeds can lead to nutrient imbalance at a watershed scale and to water and air pollution 
due to manure application on soil. This kind of nutrient imbalance is more likely to occur 
in intensive animal production systems. 
When input of recoverable manure nutrients (the quantity of manure nutrients that 
would be available for land application or utilization for other purposes) grossly exceeds the 
assimilative capacity of soil (the amount of nutrients that could be applied to land available 
for manure application without increasing nutrient levels in the soil over time), nutrient 
build-ups occur (Saam et al., 2005). 
Lander et al. (1998) categorized the ratio of recoverable manure to the assimilative 
capacity of cropland and pastureland at a county level from 1.0 (indicating that the county 
has county-level excess nutrients) to < 0.25 (indicating that less than 25 percent of nutri-
ents taken up and removed by crops or applied to pasture could be supplied from manure 
generated within the county). 
According to the US Department of Agriculture (USDA, 2000), the number of counties 
in the United States in 1997 with ratios of 0.5 or greater (i.e. surplus of nutrients) totalled 
165 for N and 374 for P. Apparently, manure application in such regions is problematic, 
despite benefits to soil structure and fertility. For example, over the period 1987 to 2007 
in the Mid-Atlantic region of the United States, N inputs with animal manure and fertilizer 
averaged 562 million kg/yr, while N outputs in harvested crops averaged 329 million kg/yr41. 
Maguire et al. (2007) estimated that in 89 percent of counties in the United States, there 
was a deficit of manure P relative to crop P removal and there was a manure P surplus in 
11 percent of counties. 
Therefore, in some regions, manure application can be limited by soil accumulation of 
nutrients. Surplus of nutrients can be a significant environmental problem for large live-
stock operations. For example, Hristov et al. (2006) reported average efficiency of use of 
imported N and P (total exports ÷ total imports × 100) on commercial dairy farms in Idaho 
(average size of 2 100 cows and 186 ha arable land) of 41 and 66 percent, respectively. 
Accumulation of nutrients was occurring on these dairies and as a result, soil P levels in the 
41 Source: Mid-Atlantic Water Program; available at http://www.mawaterquality.agecon.vt.edu/index.php.
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30-cm layer were well above state threshold standards, most likely from over-application 
of manure. Soil nitrate-N was > 40 mg/kg for five of the eight dairies, and two were over 
80 mg/kg. Such high N concentrations exceed the crop needs for optimal growth and 
represent an environmental concern.
When nutrient surplus is not an issue, manure is a valuable source of available nutrients for 
crops, successfully replacing artificial fertilizer. Soil N2O emissions from application of inorganic 
N fertilizer can be significant. In an LCA analysis, Adom et al. (2012) found that N fertilizer 
input was the largest contributor to GHG emissions for feeds used by the dairy industry in the 
United States; about 65 percent due to N2O release upon application and 35 percent from 
fertilizer manufacture. These authors recommended that farmers should be educated in fer-
tilizer best management practices in order to effectively reduce GHG emissions on the farm. 
An IPCC (2006b) report assumed N2O emission factors (Tier 1) for mineral fertilizers and 
cattle, poultry and pig manure at 1 and 2 percent of N input, respectively. Soil N2O emissions 
can vary greatly, and emission factors of up to 12 percent of N input (for nitrate-based ferti-
lizer) and 5 percent for manure have been reported (de Klein et al., 2001). Petersen (1999) 
reported no difference in soil emissions (in both cases below 1 percent of N input) between 
synthetic fertilizer (calcium ammonium nitrate) and a mix of cattle and pig manure. Simi-
larly, Li et al. (2002) observed no differences in soil N2O emissions between cattle manure 
and ammonium sulphate fertilizer applied at 150 or 300 kg N/ha. 
One important difference between mineral fertilizer and manure is that manure contains 
organic C which, depending on soil conditions, may affect N2O emissions. Manure C may 
increase microbial respiration rates in soil, thus depleting oxygen and providing the anaero-
bic conditions required for denitrification (Pelster et al., 2012). As a result, organic amend-
ments containing large amounts of labile C and available N (cattle, swine or poultry manure) 
have been reported to increase soil N2O emission compared with mineral fertilizers42. 
However, this does not always appear to be the case because some studies reported 
greater N2O emissions from soils fertilized with ammonium nitrate (Chantigny et al., 2010) 
or urea (Lopez-Fernandez et al., 2007) compared with manure-amended soils. Thus, Pelster 
et al. (2012) reported that the N2O emission factor for plots amended with poultry manure 
was 1.8 percent, more than double that of the other treatments, including mineral fertilizer 
(0.3 to 0.9 percent), a result attributed to the high C content of poultry manure. These 
authors concluded that, compared with mineral N sources, manure application increases 
soil N2O flux in soils with low C content. 
Land application of poultry litter presents an opportunity to improve soil productivity 
and disposal of poultry waste. A study by Nyakatawa et al. (2011) investigated CH4 and 
N2O emissions from soil receiving poultry litter and ammonium nitrate using surface, soil 
incorporation and subsurface band application methods in conventional and no-tillage sys-
tems on a Decatur silt loam soil in North Alabama. Plots receiving ammonium nitrate were 
net emitters of CH4 and N2O, whereas plots receiving poultry manure were net sinks of 
CH4. Nitrous oxide emissions from manure-amended soil depended on application method: 
surface or soil incorporation resulted in net emission of N2O while manure-amended plots 
under subsurface band application were net sinks of N2O.
42 See Velthof et al. (2003); van Groenigen et al. (2004); Dong et al. (2005); and Gregorich et al. (2005).
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However, another study with poultry manure did not report differences in GHG emis-
sions between manure and mineral fertilizers (urea, urea-ammonium nitrate and ammoni-
um nitrate) (Sistani et al., 2011), emphasizing the complexity of soil GHG emissions and the 
multitude of factors that need to be considered when proposing mitigation practices (e.g. 
soil type and condition, climate conditions, manure composition and application method). 
Capturing CH4 produced once the manure has been applied to soil is not feasible and, 
therefore, most practices to prevent CH4 emissions from land applied manure focus on pre-
venting anaerobic conditions or reducing the degradable C flux to the soil at the placement 
site. Research reports on CH4 and N2O emissions following application frequently show a 
wide range of results. Authors commonly note that many variables in manure, application 
technique, soil type and management, soil moisture and climate can impact emissions. 
Subsurface injection of manure slurries into the soil can result in localized anaerobic 
conditions surrounding the buried liquid manure which, together with an increased degra-
dable C pool, may result in higher CH4 emissions than with surface applied manure43. 
Diluting the manure or reducing the degradable C flux through solid separation or anaero-
bic degradation pre-treatments are options to reduce CH4 emissions from injected manure 
(Amon et al., 2006; Clemens et al., 2006). 
Components of the microbial biomass in the soil use CH4 as a C source and therefore 
the soil is often a CH4 sink. Only when CH4 concentrations exceed the metabolic capacity 
of the soil, or when the aerobic metabolism of the soil biota is inhibited throughout the 
soil column, are CH4 emissions significant after land application of manure. Therefore, 
promoting the aerobic metabolic path and reducing CH4 load are other approaches used 
to reduce CH4 emissions after manure injection (Rodhe et al., 2006). 
A note of caution is necessary because CH4 emissions from manure injected into soil 
are relatively low when compared with the reduction in NH3 volatilization obtained through 
subsurface injection. Powell et al. (2011c) investigated the NH3 volatilization mitigating 
potential of three methods of stored dairy slurry application: surface broadcast, surface 
broadcast followed by partial incorporation using an aerator implement, and injection. 
Slurry total N loss was 27.1 percent (20.5 percent as NH3 and 6.6 percent as nitrate), 23.3 
percent (12.0 percent as NH3 and 11.3 percent as nitrate), and 9.1 percent (4.4 percent 
as NH3 and 4.7 percent as nitrate), respectively. The authors measured that although slurry 
incorporation decreased total N loss, the conserved N did not significantly impact crop 
yield, crop N uptake or soil properties at the end of the trial. The authors explained the 
lack of response to conserved N with the relatively small differences in slurry N remaining 
after N loss and the relatively large amount of soil N mineralization rate in the high fertility 
soil at the study site. 
Unlike CH4, most of the N2O is produced after the manure has been applied to the soil. 
Controlling the amount of N available for nitrification and denitrification in soil as well as 
the availability of degradable C and soil oxidation reduction-potential are options to reduce 
N2O emissions that can be achieved through the manure application method. In the first 
few weeks after application, manure injection often increases N2O emission compared with 
surface applied manure. 
43 See Flessa and Besse (2000); Külling et al. (2003); Clemens et al. (2006); and Amon et al. (2006).
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Dilution, solid separation and anaerobic digestion pre-treatments of manure before 
injection reduce the availability of degradable C and as a result, tend to decrease N2O emis-
sion44. A number of authors45 have noted that wet soils tend to promote N2O emissions 
and that application timing can be important. On many soils, simply avoiding application 
before a rain event can avoid spikes in emission rates. Maintaining soil pH above 6.5 was 
shown by Mkhabela et al. (2006) to help reduce N2O emissions. Nitrous oxide emissions 
resulting from manure injection into soil are generally low and therefore should be weighed 
against the benefits of reducing NH3 volatilization when manure is surface-applied. Much 
work is needed to further investigate these manure application mitigation strategies. 
Reduced CP in the animal diet produces manure with a slower N mineralization rate that 
releases less plant-available N (Powell and Broderick, 2011). Therefore, changes in manure 
application rate recommendations are needed to reflect N cycling from modified diets. 
At equal N application rate, however, whole-crop barley yield was not different between 
manures from dairy cows fed high- (16.8) or low-CP (14.8 percent) diets (Lee et al., 2013). 
To minimize N2O production in all cases, manure application rates should be coordinated 
with the amount of mineral fertilizer applied, and consideration should be given to applica-
tion timing and method to prevent application of N in excess of plant requirements.
Overall, lowering the concentration of N in manure, preventing anaerobic conditions or reduc-
ing concentration of degradable manure C are successful strategies for reducing GHG emissions 
from manure applied to soil. Separation of manure solids and anaerobic degradation pre-treat-
ments can mitigate CH4 emission from subsurface-applied manure, which may otherwise be 
higher than from surface-applied manure. Timing of the manure application (e.g. avoiding 
application before a rain) and maintaining soil pH above 6.5 may decrease N2O emissions.
Urease and nitrification inhibitors
Microbial processes that result in N2O production can be manipulated through the use of 
chemical additives. Nitrification inhibitors [the most widely used are dicyandiamide (DCD) 
and nitrapyrine] were found to reduce the amount of N2O produced under controlled 
experimental or field conditions46. 
Urease inhibitors are effective when applied to urine before it is mixed with soil or fae-
ces and therefore has limited applicability to animal production systems or waste handling 
systems in which faeces and urine are separated after mixing. In open lot feedlots, however, 
urease inhibitors have been reported to effectively decrease NH3 losses. For example, Varel 
et al. (1999) treated feedlot pens with urease inhibitors, cyclohexylphosphoric triamide 
and N-(n-butyl) thiophosphoric triamide. While no urea was found in the control pens, the 
treated pens retained significant amount of urea for up to 14 days following treatment. 
Treating the pens weekly for six weeks further increased urea conservation, respectively 
44 See Thompson et al. (1987); Flessa and Besse (2000); Külling et al. (2003); Amon et al. (2006); Clemens et al. 
(2006); and Velthof and Mosquera (2011).
45 See Christensen (1983); Wagner-Riddle and Thurtell (1998); Rochette et al. (2004); Mkhabela et al. (2006); 
Hayakawa et al. (2009); Hernandez-Ramirez et al. (2009a, 2009b); Sauer et al. (2009); Smith and Owens (2010); 
Tenuta et al. (2010); and Meade et al. (2011).
46 See Thompson et al. (1987); De Klein et al. (1996, 2001, 2011); Di and Cameron (2002, 2003, 2012); and 
Dittert et al. (2001).
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reducing NH3 volatilization losses. Contrasting with urease inhibitors, nitrification inhibitors 
were found to be effective in reducing N2O emissions in intensive pasture-based systems 
in New Zealand when applied over urine and faeces that had been deposited on pastures 
and soil (de Klein et al., 1996, 2001, 2011; Di and Cameron, 2002, 2003, and 2012). Luo 
et al. (2008) reported up to 45 percent reduction in N2O emissions from dairy cow urine 
applied to various soils in New Zealand by the nitrification inhibitor DCD and pointed out 
that the effectiveness of these compounds may be reduced under heavy rainfall. Recent 
national trials in New Zealand reported an average N2O reduction by DCD of 50 percent 
(Gillingham et al., 2012). 
Application of DCD has also resulted in a dramatic 68 percent reduction in nitrate 
leaching losses from a deep sandy soil pasture of perennial ryegrass and white clover (Di 
and Cameron, 2002, 2005). In addition, Ca2+ and Mg2+ leaching were reduced by 51 
percent and 31 percent, respectively, and herbage DM yield in the urine patch areas was 
increased by 33 percent (Di and Cameron, 2005). A review by de Klein and Monaghan 
(2011) suggested a potential reduction in nitrate leaching of up to 60 percent and N2O 
emissions of up to 55 percent with DCD. 
It has also been pointed out that the effectiveness of the nitrification inhibitors (specif-
ically DCD) depends largely on temperature, moisture and soil type. For example, the lon-
gevity of DCD decreases with increasing soil temperature (Kelliher et al., 2008; de Klein and 
Monaghan, 2011). Some studies have suggested potential increase in NH3 volatilization and 
ammonium leaching due to increased ammonium accumulation in soil. It has been shown 
that DCD may not be effective in reducing nitrate leaching in soils that leach substantial 
amounts of ammonium, which is also influenced by rainfall (de Klein and Monaghan, 2011). 
Results of the combined use of nitrification and urease inhibitors have been inconclusive 
(Khalil et al., 2009; Zaman and Blennerhassett, 2010). Urease inhibitors inhibit urea hydroly-
sis to ammonium and thus directly affect substrate availability for NH3 volatilization. A recent 
review of the literature, and using New Zealand as a case study, indicated that an urease 
inhibitor – N-(n-butyl) thiophosphoric triamide (nBTPT), in this case – was effective in inhib-
iting urea hydrolysis with an average NH3 emissions reduction of 53 percent - from 11 to 93 
percent (Saggar et al., 2012). Because ammonium is also a source of nitrate leaching and 
N2O emissions, it is expected that inhibition of urea hydrolysis will affect all three pathways 
of N losses in soil, but this has not been consistently observed (Khalil et al., 2009; Zaman 
and Blennerhassett, 2010). 
As stated earlier, nitrification inhibitors can increase soil ammonium and thus potentially 
increase NH3 losses, while urease inhibitors prolong the stability of urea. If, however, nitrifi-
cation inhibitor activity is meanwhile decreased, preservation of N as urea may not decrease 
consequent losses of N as nitrate or N2O. This scenario is also questioned on the basis of 
different half-lives of urease and nitrification inhibitors (de Klein and Monaghan, 2011).  
Advancements in plant biotechnology and microbial enzymology may offer new 
opportunities for reducing manure-amended soil N2O emissions. Richardson et al. (2009) 
proposed that soil N2O emissions from bacterial denitrification processes result from incom-
plete reduction of N2O to N2. These authors suggested several potential ways of enhancing 
this final step in the denitrification process, namely: (1) increasing soil copper (Cu) availa-
bility to provide sufficient CuA and CuZ, cofactors needed for biosynthesis or assembly of 
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N2OR (N2O reductase); (2) better understanding and regulating of N2OR activities (enzyme 
repair and de novo synthesis); and (3) use of plants to “scrub” N2O emissions by expressing 
bacterial N2OR in plants. 
Nitrification inhibitors offer promise for reducing N2O emissions from intensive livestock produc-
tion systems, but result in limited benefits to the producer apart from reducing N losses. Urease 
inhibitors are effective in preserving urea and reducing NH3 volatilization. However, urease 
inhibitors may result in increased N2O emissions due to potential increase in ammonium and 
subsequently nitrate concentration in soil.
Control of manure greenhouse gas emissions through grazing practices
Nitrous oxide emissions can be particularly high in intensive pasture systems due to high 
N concentration in urine as a result of high CP content of the pasture (typically, 22 to 28 
percent CP, DM basis, in New Zealand, for example), and there are many reports on the 
relationship between the placement and chemical composition of urine and soil nitrifica-
tion and denitrification processes47. 
Eckard et al. (2010) pointed out that the effective N application rate within a urine 
patch from a dairy cow on pasture is between 800 and 1 300 kg N/ha, and N is deposited 
at concentrations that are orders of magnitude greater than the utilization capacity of 
the soil-plant system. These authors suggested that a more uniform distribution of urine 
throughout the paddock would reduce the effective N application rate, which should trans-
late into a reduction in N2O emissions. 
These effects are often compounded by high fertilizer N application rates to stimulate 
grass growth, which further increases urinary N concentration. De Klein et al. (2001) 
showed a 40 to 57 percent reduction in N2O emissions when grazing was restricted in the 
late humid New Zealand autumn to three hours per day. This reduction was attributed to 
diminished N input during conditions most conducive to N2O emissions in New Zealand. 
When de Klein et al. (2001) included N2O emissions resulting from application of the efflu-
ent collected during the restricted grazing periods, N2O emissions were reduced by only 7 
to 11 percent. 
Nevertheless, keeping the animals off the paddocks, in “stand-off” or “feed pads” for 
most of the day during the wet months of the year (autumn-winter), has been shown to be 
an effective N2O mitigation practice in intensive grazing systems (de Klein, 2001; de Klein 
et al., 2002; Luo et al., 2008b). Not allowing grazing during wet weather also increases 
pasture productivity due to reduced sward damage and soil compaction (de Klein, 2001). 
One must keep in mind, however, that this practice results in much greater NH3 emissions 
(Luo et al., 2010) due to urine and faeces being excreted and allowed to mix in the stand-
off/feed area. 
On the other hand, reduced grazing intensity has resulted in increased N2O emissions in 
temperate zones with long freeze thaw cycling pastures (Wolf et al., 2010). This increase 
in N2O emission from reduced grazing was attributed to increased microbial activity during 
winter and early spring thaw resulting from increased leftover pasture biomass. 
47 See Ambus et al. (2007); Bhandral et al. (2008); Bol et al. (2004); Comfort (1990); Luo et al. (2008a); Rodhe et al. 
(2006); and Velthof and Mosquera (2011).
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By restricting grazing when conditions are most favourable for N2O formation, more even dis-
tribution of urine and optimizing fertilizer application are possible N2O mitigation options for 
ruminants on intensively-managed pastures.
Cover cropping
Agronomic practices such as intensifying cropping frequency, increasing use of forages 
in crop rotations, reducing tillage intensity and frequency, better crop residue manage-
ment and adopting agroforestry can all have a significant impact on soil C sequestration, 
although, according to some reports, the contribution of agricultural soil C sequestration 
to overall GHG emissions may be relatively small and the storage reversible (Hutchinson 
et al., 2007). 
Cover cropping can reduce soil erosion, improve soil quality and fertility, water, weed, 
disease, and pest management, and enhance plant and wildlife diversity on the farm (Lu et 
al., 2000; Haramoto and Gallandt, 2004). In some production systems, cover cropping can 
also increase crop yields (Miguez and Bollero, 2007) and reduce input costs/increase farm 
profitability by reducing N fertilizer use, improving P availability and reducing weed control 
cost (Lu et al., 2000; Stockwell and Bitan, 2012; Kassama et al., 2012). 
Reduction of N fertilizer use by growing leguminous cover crops has a direct mitigation 
effect on soil N2O emissions by reducing soil nitrate availability and potential for leaching 
(Christopher and Lal, 2007). Through their symbiotic relationship with Rhizobium (root 
nodule bacteria), legumes fix atmospheric N, converting it to ammonium, which is con-
sequently incorporated into plant AA and proteins. Thus, inclusion of legumes in plant 
rotation and consequent incorporation of legume residues into agricultural soils enhances 
plant-available inorganic N and organic soil N (Heichel, 1987). 
A combination of cover cropping with other soil conservation practices can further 
improve soil quality and reduce GHG emissions. The effect of cover cropping on soil GHG 
fluxes, however, has not been consistent48. A review of soil organic C sequestration and 
GHG emissions from agricultural activities in the southeastern United States found that 
combining cover cropping with no-tillage enhanced soil organic C sequestration compared 
with no-tillage and no cover cropping (0.53 vs 0.28 Mg ha/yr; Franzluebbers, 2005). Similar 
results have been reported for cotton (Causarano et al., 2006), but the C sequestration 
benefits were minimal and the effect on N2O emissions were inconsistent in a corn/soybean 
rotation system (Bavin et al., 2009). 
Liebig et al. (2010) reported no net GHG mitigation benefit from incorporating a rye 
cover crop during the fallow phase of a dryland wheat cropping system under no-till man-
agement, and similar inconclusive results were reported by a Canadian study (VanderZaag 
et al., 2011). In a different production system in California’s Central Valley, a simulation 
analysis of soil conservation practices for several crops (beans, corn, cotton, safflower, sun-
flower, tomato and wheat) found that, compared with conventional agricultural manage-
ment, cover cropping had the largest potential to mitigate soil GHG fluxes resulting in a net 
reduction of 752 to 2 201 kg CO2-eq/ha/yr (with conservation tillage having the smallest 
48 See Franzluebbers (2005); Bavin et al. (2009); Kallenbach et al. (2010); de Gryze et al. (2010, 2011); and Borgen 
et al. (2012).
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mitigation potential) (de Gryze et al., 2010). Similar conclusions were drawn by the authors 
for alfalfa, melon and sunflower (de Gryze et al., 2011).
Overall, cover cropping is beneficial for soil quality and agronomic characteristics and may 
increase crop yield and farm profitability. Cover crops can increase plant N uptake and decrease 
accumulation of nitrate, and thus reduce N2O production through denitrification, but the 
results on overall GHG emissions have not been consistent. Interactions with other soil conser-
vation practices are significant (tillage system, for example) and must be considered when the 
goal of cover cropping is reducing whole-farm GHG emissions.
Other manure treatments
There are many waste treatment systems that are used in processing of human wastes. 
Few of these technologies are used practically for treatment of livestock wastes. Several 
studies have reported treatments other than those reported in sections above. Two bio-
logical treatments have been demonstrated to reduce emissions. In a laboratory study, 
Luth et al. (2011) demonstrated that earthworm inclusion in a vermifilter fed with swine 
manure provided a CH4 sink and decreased emissions of NH3 and N2O emissions. Fuku-
moto et al. (2006, 2010) demonstrated that the addition of nitrite-oxidizing bacteria to 
swine manure reduced N2O emissions up to 80 percent.
ANIMAL HUSBANDRY
This section deals with mitigation options that reduce Ei by increasing herd productivity and 
enhancing animal health and longevity while keeping GHG output constant (or increasing 
it proportionally less than productivity). Mitigation practices addressed here are intrinsically 
related to local governmental policies and application depends heavily on political will, 
incentives for farmers and availability of resources. 
Enhancing animal productivity 
Animal productivity has several dimensions including animal genetics, feeding, reproduc-
tion, health and overall management of the animal operation. As discussed earlier, in 
many parts of the world, the single most effective GHG mitigating strategy is to increase 
animal productivity, which may allow a reduction in animal numbers providing the same 
edible product output at a reduced environmental footprint. With time, increasing animal 
productivity can significantly reduce the number of animals needed for the national herd. 
Such reduction in animal numbers was the single most influential mitigation strategy which 
reduced significantly the C-footprint of the United States dairy industry (Capper et al., 2009). 
Similarly, in the Netherlands with a milk quota system, milk production per cow increased 
from 6 270 kg fat and FPCM/yr in Kyoto base year 1990 to 8 350 kg FPCM/yr in 2008, with a 
concomitant CH4 decrease from 17.6 to 15.4 g/kg FPCM, respectively (Bannink et al., 2011). 
Similar progress has been made by the pork industry. As an example, hogs marketed in 
the United States increased by 29 percent between 1959 and 2009, while the size of the 
breeding herd decreased by 39 percent. Feed conversion efficiency increased by 33 percent, 
feed use decreased by 34 percent and the C footprint per 454 kg of hot dressed carcass 
weight produced decreased by 35 percent. The litter size increased from 7.10 in 1974 to 
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9.97 piglets in 2011 and the amount of pork produced from a breeding animal increased 
for the same period from 775 kg to 1 828 kg (National Pork Board, 2012). 
In developing countries, smallholders typically rely on a greater number of low-pro-
ducing animals instead of a smaller number of higher-producing animals (Tarawali et 
al., 2011). As pointed out by these authors, there are two constraints for increasing 
animal production: the genetic potential of the animals and the availability of quality 
feed. Undoubtedly, there is a significant potential for increased production (to achieve 
the genetic potential of the animals) by better feed management and proper feeding in 
developing countries. 
This potential, although smaller, also exists for intensive production systems in devel-
oped countries. Using a partial LCA, Bell et al. (2011) demonstrated that improvements in 
milk production (in their example, from about 23 to 28 kg ECM/day) and feed efficiency 
can significantly reduce GHG emissions and land use of the dairy herd. Nevertheless, the 
potential for improvement in animal production may be smaller in developed countries 
where animals are already relatively high-producing and efficient. 
Selection for high milk production in dairy cows, for example, should not be at the 
expense of decreased productive life, increased death rate and a decline in fertility49. Impaired 
reproductive performance also has a significant impact on farm profitability and cannot be 
fully compensated by increased milk production, as demonstrated by Evans et al. (2006) for 
commercial dairy herds in Ireland. 
Apart from productivity, however, there are management practices in intensive produc-
tion systems that can improve overall animal performance and lifetime productivity (such 
as improved animal health, heifer management and fertility; Place and Mitloehner, 2010). 
By some estimates, extended lactation50 can reduce enteric CH4 emission from dairy pro-
duction systems by 10 percent (Smith et al., 2007a). However, this may not be a feasible 
alternative to a 12-month lactation cycle in some production systems (Butler et al., 2010). 
In intensive dairy systems, similar effects may be produced by reducing the dry period, 
with or without recombinant bovine somatropin (rbST) use51. In some systems, however, 
reducing or eliminating the dry period decreased early lactation and 305-day milk yields, 
increased overall culling rate (Pinedo et al., 2011), and may not be suitable for all cows and 
all herds (Marett et al., 2011; Santschi et al., 2011).
Much progress in reducing GHG Ei from ruminants in the developing world can be 
achieved by increasing animal productivity (milk or meat). As the analysis of the dairy sector 
by Gerber et al. (2011) demonstrated, there is a great difference in GHG emissions depend-
ing on milk production of the cows, with as much as a tenfold variation between countries 
or regions with high and low milk production. Flachowsky (2011), for example, estimated 
that a dairy cow producing 40 kg milk/day would have about 50 percent lower CO2-eq 
emissions per kg of edible protein than a cow milking 10 kg/day. Similarly, emissions would 
be about 70 percent lower from beef cattle gaining 1.5 vs 1.0 kg/day, 40 percent lower 
from a growing or fattening pig gaining 900 vs 500 g/day, and 60 percent lower from a 
laying hen with 90 vs 50 percent laying performance. 
49 See Hare et al. (2006); Miller et al. (2008); and Norman et al. (2009).
50 See van Amburgh et al. (1997); Auldist et al. (2007); Kolver et al. (2008); and Grainger et al. (2009b).
51 See Annen et al. (2004); Rastani et al. (2005); and Klusmeyer et al. (2009).
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To illustrate the effect of productivity on GHG emissions, data for the dairy sector by FAO 
(Gerber et al., 2011) were used. According to these data, the annual milk production per 
cow for North America was approximately 8 900 kg in 2010 and in South and Southeast 
Asia (SEA) was 2 800 kg/yr for specialized dairy systems (1 000 kg/yr for unspecialized sys-
tems). Using the Gerber et al. (2011) relationship for CO2-eq (CO2-eq, kg/cow/yr = 0.8649 × 
milk yield, kg/cow/yr + 3315.5; and assuming milk yield is as FPCM), it can be calculated that 
a North American cow will produce about 11 000 kg of CO2-eq/yr and a SEA cow about 
5 700 kg CO2-eq/yr, which is 1.24 and 2.05 kg CO2-eq/kg milk, respectively. If milk produc-
tion in SEA is increased by 30 percent (average milk production of about 3 600 kg/cow/yr) 
without a change in GHG emissions, the CO2-eq output will decrease to 1.78 kg/kg milk. 
Blümmel et al. (2009) estimated that increasing milk yield per animal in India from the 
national average of 3.61 litres/day to 6 to 9 litres/day was possible using currently available 
feed resources, which would potentially reduce CH4 production in that country from 2.29 
Tg to 1.38 Tg/yr. 
Another example of how increased productivity, through increased feed quality, can 
decrease enteric CH4 per unit of product was provided by Waghorn and Hegarty (2011). 
These authors calculated that growing lambs on higher quality pasture (20 percent higher 
ME value) had higher gain and about 50 percent lower enteric CH4 emission per unit of 
gain (i.e. Ei). These gains may come from improved animal genetics (see discussion in fol-
lowing sections) and through improved animal nutrition. 
In most situations, improved nutrition would mean increased forage quality, i.e. digest-
ibility, or increased grain inclusion in the diets of ruminants. The latter is a controversial 
proposition. Although ruminant production systems based on concentrate feeds can 
be more efficient from the animal perspective and emit less GHG per unit of product 
(Beauchemin et al., 2010), LCA are needed to determine if this is the case when emissions 
associated with grain and forage production, transportation and processing are considered. 
This may not necessarily be the case if all inputs are included in calculating Ei for inten-
sive grain-finished vs extensive, grass-finished beef (Waghorn and Hegarty, 2011), particu-
larly when C sequestration by grasslands is adequately considered. In addition, increasing 
animal production in the developing world may be a costly and long-term process because 
it will require both genetic improvements and improvements in animal nutrition. 
High-quality pastures may not be a viable option for improving animal nutrition in many 
regions, in which case, improvement in production has to come through feeding concen-
trate feeds.. As the rate in cereal grain production has generally followed the rate of world 
population growth (Figure 10; data from FAO; http://www.fao.org/worldfoodsituation/
wfs-home/csdb/en and http://www.geohive.com/earth) and human nutrition is expected 
to improve in the developing world, it is questionable if more grain will be available for 
feeding ruminant animals. Growing ruminant is much less efficient in utilizing grain for 
BW gain than poultry or swine, but dairy cows could be as efficient (depending on the 
level of production) as monogastric animals in producing edible protein52. Nevertheless, it 
is questionable in the long-term whether increasing the inclusion of grain in the ration of 
cattle, buffalo or sheep and goats can be an economically feasible strategy to increase milk 
and particularly meat production and thus reduce the environmental footprint of livestock. 
52 See Flachowsky (2002, 2011); Gill et al. (2010); and de Vries and de Boer (2010).
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Within dairy production systems, grassland-based systems have been estimated to have 
generally higher (by about 50 percent) GHG emissions per unit of FPCM than mixed farm-
ing systems, although some grazing systems in temperate regions show low Ei (FAO, 2010). 
Organic dairy production systems also have higher GHG Ei than conventional dairy systems, 
as shown in some analyses in the United States and Europe (Heller and Keoleian, 2011; 
Kristensen et al., 2011), although this is probably not always the case and depends on 
fertilizer inputs for crop production and level of animal productivity (Martin et al., 2010a). 
The environmental efficiency of pasture-based dairy production systems can be 
improved by a variety of best-management practices, as demonstrated in a modelling 
exercise by Beukes et al. (2010). These authors estimated that implementation of a com-
bination of practices including improved reproductive performance leading to low invol-
untary culling, using crossbred cows with high genetic merit for milk solids, and improved 
pasture management to increase average pasture and silage quality could decrease GHG 
emissions by 27 to 32 percent on a pasture-based New Zealand dairy farm. Similar results 
were reported earlier by Basset-Mens et al. (2009). 
Achieving the genetic production potential of the animal is dependent on proper nutri-
tion. Underfeeding due to insufficient feed availability or improper diet formulation can be 
a common problem in developing but also in developed countries. A field study with com-
mercial dairy herds in the United States concluded that efforts to minimize feed waste (i.e. 
feed cost savings) must ensure that cows receive adequate nutrients to avoid suppression 
of genetic potential for milk yield (Dekleva et al., 2012). 
A study from Ireland investigated the response of Holstein-Friesian cows, of medium or 
high genetic merit, fed an adequate supply of grass to half and twice the industry norm 
level of concentrate supplementation (Kennedy et al., 2001). The study found that the low 
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concentrate feeding system restricted the ability of the high genetic merit cows to express 
fully their genetic potential for milk production. The difference in milk yield between geno-
types was much larger in the high-concentrate feeding system than in the low-concentrate 
systems. However, an important conclusion of this study was that high-concentrate supple-
mentation systems, although yielding more milk and better utilizing the genetic potential of 
the animal, may not be economically feasible when milk price is low and feed cost is high. 
A New Zealand study with cows on pasture concluded that cows with high genetic 
potential for milk yield undergo higher relative energy deficits under grazing dairy systems, 
resulting in lower substitution rates, higher milk responses to supplements, but also lower 
body condition score, which in turn leads to lower reproductive performance (Baudracco 
et al., 2010). The authors also pointed out that inclusion of concentrate supplements on 
pasture with a concomitant increase in stocking rate can have synergistic effects on improv-
ing productivity of grazing dairy systems. Apparently, increasing stocking rate alone would 
result in decreased production per animal and is expected to increase GHG emissions per 
unit of milk. The level of supplementation required per cow and the optimum stocking 
rate depend on the genetic potential of the cow, the size of the responses to supplement, 
forage availability, and the value of milk and costs of feeding supplements. 
Achieving the genetic potential of the animal is critically important, but it is also as impor-
tant not to import genetics into climates and management environments where high-pro-
ducing animals can never achieve their potential and will in fact perform worse than native 
breeds or crossbreeds due to management, disease or climatic challenges. The Holstein 
dairy cow, for example, has a high genetic potential for milk production, which translates 
into low GHG emissions per unit of product, but its importation into environments that it 
cannot adapt to leads to poor health, milk production and reproduction (compounded with 
the already low genetic merit of the breed for this trait) resulting in underperformance and 
long-term inefficiency of the production system (Harris and Kolver, 2001; Evans et al., 2006; 
Madalena, 2008). As pointed out by Harris and Kolver (2001), the failure of the Holstein 
breed to maintain high reproductive efficiency appeared to be one of the main reasons for 
the reduced survival of the breed within the pasture conditions of New Zealand and resulted 
in a substantial economic advantage for farmers rearing the local cross-bred dairy cows.  
Increasing animal productivity can be a very successful strategy for mitigating GHG 
emissions from the ruminant sector in both developed and developing countries, with 
a greater mitigating potential in developing countries. Improving forage quality, grain 
inclusion in the diet, achieving the genetic potential of the animal for production through 
proper nutrition and use of local breeds or crossbreeds are recommended approaches for 
improving animal productivity and reducing GHG emissions per unit of product. The trend 
is less clear for monogastric species as two trends tend to counterbalance each other: on 
one hand, productivity can reduce feed consumption (and thus emissions from production 
of feed) and manure emissions per unit of product ; but on the other hand, highly produc-
tive animal require higher quality (and emission intensity) feeds. 
Recombinant bovine somatotropin (rbST)
An additional animal management practice that can indirectly reduce emissions by improv-
ing productivity in dairy cattle is the use of rbST. Capper et al. (2008) employed a math-
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ematical modelling approach to estimate the impact of rbST use on individual cow- and 
industry-wide scales, assuming an increase in milk production of 4.5 kg/day (an optimistic 
assumption according to European data; Chilliard et al., 1989). The results of the analysis 
suggested that rbST use may reduce CH4 output by 7.3 percent per unit of milk produced. 
Use of rbST has been controversial, and its use for milk production is banned in Canada, 
Japan, the European Union, Australia and New Zealand. Limited evidence suggests that the 
use of rbST may increase the risk of clinical mastitis and of cows failing to conceive, and 
also may increase the risk of developing clinical signs of lameness (Dohoo et al., 2003). 
Should the use of rbST really have a negative influence on fertility and animal health, then 
the reduction in enteric CH4 emission estimated by Capper et al. (2008) would be smaller 
or even absent. In addition, this mitigation practice is likely to be applicable only in inten-
sively-managed animal production systems. 
Enhanced productivity and feed efficiency with rbST would reduce Ei but applicability of this 
mitigation practice is limited to regions where rbST use is allowed. There are also questions of 
economic feasibility and effects of rbST on animal health and fertility.
Animal genetics
Improvements in animal genetics, coupled with improvements in diet management, can 
lead to a significant reduction in GHG emissions per unit of product from livestock produc-
tion systems, as shown with the Australian beef industry (Henry and Eckard, 2009). Some 
studies using beef cattle indicate that animals with low RFI can produce up to 28 percent 
less enteric CH4 (Nkrumah et al. 2004; Hegarty et al. 2007). 
According to Herd and Arthur (2009), variation in RFI can be attributed to variation in 
protein turnover, tissue metabolism and stress (37 percent), with lesser contributions from 
digestibility (10 percent), heat increment and fermentation (9 percent), physical activity (9 
percent), and body composition (5 percent). 
An extended review of the topic was recently published by Waghorn and Hegarty 
(2011). These authors concluded that there was little evidence that efficient animals have a 
different CH4 yield per unit of DMI. Further, they pointed out the need to select high-pro-
ducing animals because this reduces emissions per unit of product. The extent to which 
CH4 can be reduced by selection for RFI depends on the heritability of the trait, dispersal of 
efficient animals through all populations and their resilience in a production system. 
Selection for individuals that have a lower than average CH4 yield requires: (1) that the 
host animal controls its microflora, and that the trait is heritable; (2) that selection for low 
CH4 producers is more important to animal producers than other traits (e.g. productivity, 
fertility); and (3) that the effect is persistent and applicable to all levels of production. Thus, 
the immediate gain in GHG reductions through RFI is quite uncertain. De Haas et al. (2011) 
estimated a heritability of RFI in dairy cattle of 0.40. Genetic variation suggests that a reduc-
tion in predicted CH4 production in the order of 11 to 26 percent is theoretically possible. 
Interestingly, genomic selection tools can further increase the reduction in CH4 produc-
tion, but effective application requires significant international effort and collaboration to 
bring together relevant data. Modern molecular techniques have revealed much greater 
diversity in the ruminal microbial system than previously known. Significant collaborative 
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efforts are underway to understand the interactions between host animal and its microbi-
ome and potentials for selecting more efficient animals or animals producing less enteric 
CH4 (McSweeney and Mackie, 2012). These authors indicated that, based on the analysis 
of global datasets, the majority (> 90 percent) of rumen methanogens are affiliated with 
genera Methanobrevibacter (> 60 percent), Methanomicrobium (~15 percent), and a group 
of uncultured rumen archaea commonly referred to as rumen cluster C (~16 percent; recent 
data have indicated that these methanogens produce greater amounts of CH4 relative to 
Methanobrevibacter). Animal species, breed, and environmental conditions all have been 
shown to affect ruminal microbial diversity, which could potentially be used to select 
animals with lower CH4 emitting potential or manipulate the ruminal ecosystem to raise 
animals producing less enteric CH4 per unit of digested feed (see also Abecia et al., 2011). 
Permanent inoculation of the rumen with foreign microbes is rare, but has been successful 
under certain conditions (Jones and Lowry, 1984; Jones and Megarrity, 1986) and may be 
a possible mitigation approach in the future. 
Type of diet fed and forage or pasture quality have an important role in selecting low-
CH4 emitters through selection for RFI. Jones et al. (2011), for example, concluded that the 
hypothesis that low-RFI cows produce less CH4 was not supported on low-quality summer 
pasture but was supported when cows were grazing high quality winter pastures. McDon-
nell et al. (2009) concluded that differences in digestive capacity for some dietary fractions 
– but not ruminal CH4 production – may contribute to differences in RFI between cattle. In 
the McDonnell et al. (2009) study with Limousin × Friesian heifers, DMI and CH4 emission 
did not differ between low- and high-RFI animals, but CH4 expressed per unit feed DMI was 
significantly higher for the low-RFI (i.e. efficient) animals. 
The government of Alberta in Canada has developed four science-based protocols that 
outline steps to mitigate GHG emissions from the specific beef cattle production system of 
western Canada (Basarab et al., 2009). One of the quantification protocols is focused on 
selection for low RFI. Two other protocols, related to animal genetics, nutrition and man-
agement, are aimed at reducing age at harvest in young cattle and reducing the number 
of days that cattle are on feed in the feedlot. According to these protocols, these practice 
changes have the potential to reduce GHG emissions from cattle by 0.02 to 1.0 tonne of 
CO2-eq per animal (Basarab et al., 2009) and are promising mitigation practices that may 
be applicable to various production systems. 
As indicated earlier, RFI-selection is a promising technology but with uncertain returns. In 
addition, the current system for estimating RFI requires significant investments (animal iden-
tification and accurate measurements of feed intake and animal production; Waghorn and 
Hegarty, 2011) that are unlikely to take place in developing countries in the short-term. The 
concept of genetically modified animals, designed to have a lower environmental footprint 
(primarily, by having higher feed efficiency), although not universally accepted, may also offer 
an opportunity for more efficient animal production in the future (Niemann et al., 2011). 
Breeds may differ in their efficiency of feed utilization, which may be explored as a 
long-term GHG mitigation option. Breeds have different maintenance requirements and 
efficiency of energy use for maintenance. A long-term study investigated maintenance 
energy requirements and efficiency of ME use for gain between beef and dairy cattle breeds 
(Solis et al., 1988). The ME requirement for maintenance was 91.6, 93.8, 95.3, 115.7 and 
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140.4 kcal/kg0.75 for Angus, Brahman, Hereford, Holstein and Jersey, respectively. The effi-
ciency of ME use for tissue energy gain or loss was 80.6, 66.8, 66.0, 36.5 and 36.2 percent, 
respectively. These authors concluded that maintenance energy requirements for weight 
and energy equilibrium were lower and the efficiency of ME use was higher in beef breeds 
and their crosses than in dairy breeds and their crosses, which was explained by differences 
in body composition and physiological priorities. 
In the case of dairy cows, selection for gross feed efficiency (i.e. milk per unit of feed) 
may not be advantageous because of high genetic correlation between gross feed effi-
ciency and milk yield (Korver, 1988; Ostergaard et al., 1990). It is recognized now that 
intensive selection for one genetic trait leads to losses in other traits. Breeding for milk yield, 
for example, comes at the expense of beef traits, such as ADG and carcass quality, and 
secondary traits, such as reproduction, animal health, etc. (Østergaard et al., 1990), which 
may not always be beneficial for the producer. 
Østergaard et al. (1990) simulated an economic analysis of a highly-specialized dairy 
breed vs a combination use breed for the conditions of Denmark. The analysis showed a 
significantly higher farm net income with the combination breed: 33 European Currency 
Unit (ECU; no longer in use) per 1 000 kg 4-percent FCM vs 17 ECU for the specialized 
dairy breed in (milk yield of 9 500 kg vs 6 500 kg/lactation for the dairy and combination 
breed, respectively). However, the authors also estimated that genetic improvements in var-
ious traits for the specialized dairy breed (such as feed intake capacity and feed efficiency, 
beef quality traits, reproduction and health) can significantly increase the profit to a level 
comparable to or higher than the net income for the combination breed; the point being 
that genetic selection for one trait must be done cautiously with a consideration for gains 
and losses in related traits.
A Dutch study with Jersey cows vs a group of Holstein, Dutch Friesian, and Dutch Red 
and White cows found that the biological efficiency for milk production (energy in milk 
divided by net energy in feed) was 57 and 69 percent (all forage and 50:50 forage:concen-
trate diets, respectively) for the Jersey group vs 56 and 61 percent for the Holstein-Friesian 
group of cows (Oldenbroek, 1988). Similar higher efficiency for the Jersey breed was 
reported earlier by the same author with first lactation cows (Oldenbroek, 1986). 
Grainger and Goddard (2004) carried out a comprehensive review of experimental data 
for feed efficiency of various dairy breeds (Holstein, Friesian, Jersey, and Holstein-Friesian × 
Jersey crossbred cattle) and locations (New Zealand, United States and Europe). Based on 
the available data, the authors concluded that Jerseys appear to have a higher feed conver-
sion efficiency measured as milk solids per unit of DMI (from about -7 to about +19 percent 
more efficient than Holstein-Friesian cows). The authors also indicated that crossbred cows 
may have an advantage over the purebreds due to improvements in feed efficiency, health 
and fertility – partly due to heterosis, underlining the opportunity to use more Jersey semen 
for crossbreeding with the Holstein-Friesian breed. 
However, a more recent comparison between Holstein, Danish Red, and Jersey cows did 
not find a clear advantage of the Jersey vs Holstein breed (Halachmi et al., 2011). These 
authors reported lower peak milk yield, comparable lactation fat yield and lower protein 
yield for Jersey vs Holstein and Danish Red cows. Feed efficiency (kg DMI needed to produce 
1 kg of milk) was lower for the Jersey breed (0.95 kg) than the Holstein (0.77 kg) and the 
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Danish Red (0.84 kg) cows. Efficiency for production of milk fat, however, was greater for 
the Jersey cows (15.4 vs 18.8 and 19.6 kg, respectively). In this study, Jersey cows were 
about 172 kg lighter than the other two breeds. Body weight is an important factor con-
tributing to GHG emissions through energy requirement for maintenance. Smaller breeds 
may have a smaller C-footprint due solely to smaller BW. Capper and Cady (2012) estimat-
ed that the C-footprint per 500 000 tonnes of cheese produced would be 1 662 × 103 t of 
CO2-eq lower for Jersey vs Holstein cows, partly due to a greater cheese yield but mostly 
due to a smaller BW of the Jersey cows.
The debate of milk component yields vs milk volume in relation to GHG emissions from 
the dairy industry is an interesting one. According to USDA-DHI 2011 records53, the average 
milk yield and milk fat and protein content for Ayrshire, Brown Swiss, Jersey and Holstein54 
herds in the United States was: 7  020 kg/lactation with 3.95 and 3.17 percent fat and 
protein; 8 355 kg with 4.10 and 3.39 percent; 7 633 kg with 4.75 and 3.63 percent; and 
10 617 kg with 3.66 and 3.07, respectively. Based on these data, fat and protein yields per 
lactation can be calculated at: 277 and 223 kg; 343 and 283 kg; 363 and 277 kg; and 389 
and 326 kg, respectively. Thus, the Holstein breed has a clear advantage in terms of milk 
volume and milk fat and protein yields in the United States. 
The importance of milk components is well-recognized by the dairy industry even to the 
extent that total milk solids are considered55. Fluid milk consumption in the United States 
represented 33 percent of all dairy products consumption in 201056. The proportion of 
milk consumed as fluid milk is much greater in regions with high population density such 
as the Northeast and Mideast, which combined made up 35 percent of the total fluid milk 
consumption in the United States in 201157. In these regions, there is not much demand 
for milk with fat (or even less protein) concentration greater than standard fat content of 
milk sold in the grocery outlets. 
Thus, dairy breeds with higher milk yield but lower concentration of milk components, 
such as the Holstein breed (outperforming by a large margin the other dairy breeds in the 
United States) would have a clear advantage in terms of intensity of GHG emission and 
C-footprint per unit of milk58 in areas where dairy products are consumed mostly as fluid 
milk. Increased protein and fat content of milk would be an important breed quality in 
areas where most of the milk is processed into cheese, such as the Pacific Northwest with 
only 5 percent of the fluid milk consumed in the United States in 201159. 
Even in developing countries where feed resources may be limited, introducing genes for 
high production may be beneficial for the farmer. A large survey of smallholder dairy farms 
(average milk production was 1 425 litre/lactation) in the “drier transitional zones” of Kenya 
53 See http://aipl.arsusda.gov/publish/dayhi/current/hax.html; accessed on 12 July 2012.
54 Only some breeds are used as examples.
55 Including lactose, which is closely related to milk volume and does not contribute to cheese and butter yields.
56 See USDA-ERS, http://www.ers.usda.gov/dayata-products/dayairy-data.aspx; accessed on 12 July 2012.
57 See http://www.ams.usda.gov/AMSv1.0/getfile?dDocName=STELPRDC5090395&acct=dmktord; accessed on 13 
July 2012.
58 Cheese manufacturing has a greater environmental impact, primarily through energy consumption, than fluid 
milk; Milani et al., 2011.
60 Idaho, for example, with a population of just over 1.5 million, is currently the third largest milk producing state 
in the United States with more than 90 percent of the milk going into cheese production.
Mitigation practices 109
showed that exotic dairy breeds (Friesian, Ayrshire, Guernsey and Jersey) adapted to the condi-
tions of the survey regions were economically more efficient than the indigenous breeds (Sahi-
wal, Boran, Zebu and Zebu cross); Ayrshire achieved the lowest cost inefficiency (24.4 percent), 
followed by Friesians (25.1 percent) and Jersey (25.6 percent), with Sahiwal (28.43 percent) 
being the lowest cost inefficiency breed among the indigenous cattle (Kavoi et al., 2010). 
There is also an opportunity for introduction of more efficient breeds in developed 
countries. A three-year study in Switzerland investigated the performance of New Zealand 
Holstein Friesian cows under Swiss grazing conditions (60 to 65 percent of the diet was 
grazed pasture) in comparison with indigenous Swiss breeds. The results showed that the 
New Zealand cows were more efficient than the Swiss cows; with ECM per metabolic BW 
being 49.7 to 55.6 vs 44.2 to 46.6 kg/kg, respectively (Thomet et al., 2010).
Another possibility for faster genetic improvement in some production systems is 
gender-selected (i.e., sexed) semen technology (see also Animal fertility). It has been sug-
gested that application of this technology in the dairy industry will allow producers a more 
flexible selection to produce dairy replacement heifers from only the genetically superior 
animals in their herds (De Vries et al., 2008). Having more genetically superior animals in 
the herd is expected to increase milk production per animal and thus reduce GHG Ei but 
may increase replacement rates and temporarily increase total milk supply (De Vries et al., 
2008). The gender-selected semen technology for producing heifers is of particularly high 
importance in reducing the number of dairy animals in countries like India where cattle are 
not slaughtered due to religious reasons (Harinder P.S. Makkar; personal communication, 
2012). Higher cost and lower conception rate with gender-selected semen are some of the 
limitations of this technology that would have to be overcome (Weigel, 2004).
Animal genetics can also have a significant effect of GHG emissions from swine and 
poultry. As relatively very little enteric CH4 is emitted from these animals, the majority GHG 
from swine and poultry operations (excluding feed production) are attributed to buildings, 
manure storage, and land application of manure. Thus, improving animal feed conver-
sion efficiency, i.e. reducing the volume of manure produced while maintaining animal 
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productivity, becomes a major strategy for mitigating CH4 and N2O emissions from these 
monogastric farm species. Animals with genetic lines predisposed to high feed efficiency 
excrete fewer nutrients in urine and faeces. Healthy herds also use feed efficiently and can 
reduce N excretion by 10 percent compared to unhealthy herds. Split-sex feeding enables 
producers to feed each sex closer to its nutritional requirements; for example, female turkey 
will require much less nutrients due to their smaller size than male turkey (Pennsylvania 
State University Extension; http://extension.psu.edu/aec/factsheets/greenhouse-swine-and-
poultry, accessed on 9 February 9, 2013). 
 A study with 380 Duroc boars from seven generations and 1 026 Landrace pigs from 
six generations showed that measures of feed efficiency (feed conversion ratio and RFI) were 
moderately heritable (Hoque and Suzuki, 2008). Genetic and phenotypic correlations between 
ADG and measures of RFI were close to zero, which, according to the authors, indicated that 
selection for reduced RFI could be made without adversely affecting animal growth. A study 
with the French Large White reported large improvements in growth, feed efficiency, and car-
cass lean content of this breed between 1977 and 1998 (Tribout et al., 2010). Another study 
from France investigated four pig breeds between 2000 and 2009 for estimates of genetic 
parameters for RFI, production traits, and excretion of N and P during growth (Saintilan et al., 
2012). Residual feed intake showed moderate heritability for all breeds (h² from 0.22 ± 0.03 
to 0.33 ± 0.05) and was positively correlated with feed conversion efficiency. There was a 
significant breed effect on N excretion. The authors concluded that a selection index including 
RFI can be used for improvements in feed conversion efficiency, which would also lead to 
lower nutrient losses and consequently, decreased GHG emissions from manure.
The potential of using RFI as a selection tool for low CH4-emitters is an interesting mitigation 
option, but currently there is little evidence that low-RFI animals have lower CH4 emissions per 
unit of feed intake or product. Therefore, the immediate gain in GHG reductions through RFI is 
considered uncertain. However, selection for feed efficiency will yield animals with lower GHG 
Ei. Breed differences and maximum utilization of the genetic potential of the animal for feed 
conversion efficiency can be powerful GHG mitigation tools in both ruminants and non-rumi-
nants. Reducing age at harvest and the number of days cattle are on feed in the feedlot can 
have a significant impact on GHG emissions in beef and other meat animal production systems. 
Animal health and mortality
Improving animal health and reducing animal morbidity and mortality in order to improve 
the efficiency of the animal production system are two opportunities to reduce both CH4 
and N2O from enteric fermentation and animal manure. However, although the connec-
tions among animal health, mortality and productivity are obvious, few studies have exam-
ined their implications on CH4 and N2O emissions60.
Improving the health of the animal and reducing mortality not only reduce the pro-
duction of manure and therefore emissions of CH4 and N2O, but also benefit the livestock 
producer. The CH4 and N2O emission produced during the period the animal is grown to 
the productive stage are a net loss if the animal dies before its productive value is harvested, 
or its value is greatly reduced when productive potential is reduced due to poor health. 
60 See Hospido and Sonesson (2005); Bell et al. (2008) ; Dourmad et al. (2008) ; and Stott et al. (2010).
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The opportunities to reduce CH4 and N2O from animal manure through improving ani-
mal health and reducing the productive mortality are especially important in places where 
the livestock production system is rudimentary or the application and dissemination of 
technology is difficult. 
As livestock industries change and consolidate over time towards fewer farms with 
larger herds, the practice of veterinary medicine also changes its focus. The major focus of 
veterinary medicine for livestock production systems that rely on small herds is the erad-
ication of clinical infectious diseases, with the emphasis on individual animal treatment. 
However, as herd size and animal productivity increase, the focus shifts towards preventive 
veterinary medicine and greater emphasis is placed on subclinical disease and systematic 
health management programmes that target increased productivity (LeBlanc et al., 2006). 
Regardless of the developmental stage of a livestock production system, reduced mortality 
and morbidity lead to greater saleable output, diluting non-CO2 emissions per unit product.
Taking the dairy industry as an example, lameness or injury (20.0 percent), mastitis (16.5 
percent), and calving problems (15.2 percent) represent the three major reported causes 
of mature cow death in the United States (USDA, 2007). Both lameness (Warnick et al. 
2001) and mastitis (Wilson et al., 1997) also reduce milk output, increasing non-CO2 GHG 
emissions per unit product. 
Similarly, reproductive problems (26.3 percent), mastitis (23.0 percent), poor production 
(16.1 percent), and lameness or injury (16.0 percent) are the four major reasons for perma-
nently culling cows from the United States dairy herd (USDA, 2007). According to LeBlanc 
et al. (2006), 75 percent of disease occurs within the first month after calving. In addition, 
26.2 percent of dairy culls were reported to occur from 21 days before to 60 days after 
calving in a study on all Pennsylvania cows with at least one dairy herd improvement test 
in 2005 (Dechow and Goodling, 2008). Metabolic disorders related to calving also lead to 
culling and reduced milk production (Berry et al., 2007, Duffield et al., 2009). 
Mathematical modelling approaches, including LCA and Markov chain simulation meth-
ods, were used to examine the effects of reduced incidence of mastitis on non-CO2 emis-
sions (Hospido and Sonesson, 2005). These authors predicted a reduction of 2.5 percent 
(GWP) to 5.8 percent (depletion of abiotic resources) if the clinical mastitis rate decreased 
from 25 to 18 percent and the subclinical mastitis rate decreased from 33 to 15 percent in 
Spain. Simulation results seem promising, but reliable quantitative estimates of the mitiga-
tion potential of improved health will require more research.
Improved animal health and reduced mortality and morbidity are expected to result in increased 
herd productivity, diluting non-CO2 GHG emissions per unit product.
Animal fertility61
Poor fertility increases GHG emissions from animal production systems62; this is primarily 
because poor fertility causes livestock producers to maintain more animals per unit of pro-
duction and keep more replacement animals to maintain herd/flock size63. 
61 Data from analysis of the literature on animal fertility are summarized in Table A4 (see Appendix 2).
62 See Dyer et al. (2010); O’Brian et al. (2010); and Crosson et al. (2011).
63 See Garnsworthy (2004); Berglund (2008); Wall et al. (2010); and Bell et al. (2011). 
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Garnsworthy (2004) provides an example of the relationship between improvements 
in dairy cow fertility in the United Kingdom and its impact on CH4 and NH3 emissions, 
concluding that improvements in fertility could reduce CH4 emissions by 24 percent 
and NH3 emissions by 17 percent, primarily by reducing the number of replacements 
in the herd. 
In the global dairy industry, there has been a general decline in fertility that is indi-
rectly associated with aggressive selection for production traits. Roughly one-third of the 
reduction in fertility in dairy cattle over the last 40 years is estimated to be associated with 
genetic selection for production and increases in inbreeding (Shook et al., 2006; Huang et 
al., 2010). However, this trend has recently been slowed and even reversed in developed 
countries due to the greater emphasis on fitness and fertility traits in selection indexes and 
management strategies in an effort to counteract these declines (Funk, 2006). 
Nutritional status, timing of the initial insemination after parturition, and method and 
timing of pregnancy diagnosis of females are key factors that interact to determine fertility 
(Mourits et al., 2000). In many parts of the world, especially developing countries, inade-
quate nutrition is the primary factor limiting fertility. However, even in these areas, there are 
low input approaches that can be, and in some cases are being, implemented to increase 
fertility. Examples of low input approaches to increase fertility include reducing inbreeding 
(Zi, 2003; Berman et al., 2011), sire mate selection from highly fertile animals, reducing 
stressors and improving education about factors influencing fertility (Banda et al., 2011). 
Use of reproductive technologies where they are available and cost effective, such as 
genetic/genomic selection for fertility64, artificial insemination (AI)65, gender-selected 
semen (i.e. gender-selected semen)66, embryo transfer67 and estrous/ovulation synchroni-
zation68, increases reproductive efficiency and reduces the number of animals and GHG Ei 
(Garnsworthy, 2004; Bell et al., 2011). 
In particular, failure to utilize AI where it is available and cost effective results in 
increased numbers of animals per farm (males) and reduced genetic merit for production 
and reproduction traits. 
In this regard, there is growing evidence that governments of developing countries can 
effectively lead efforts to facilitate the use of AI and greatly accelerate genetic progress, 
provided these efforts include all stakeholders, are comprehensive and include improve-
ments to facilities and markets (FAO, 2011a).
Choice of breed and mating strategies
Indigenous breeds reflect many generations of selection for ability to survive in environ-
ment-specific conditions and with local feed resources and management. Often equally 
important to smallholder farmers are appearance traits that may or may not be related 
to productivity; examples include coat colour, tail type and presence and type of horns 
(Gizaw et al., 2011; Duguma et al., 2010). 
64 See Tiezzi et al. (2011) and Amann and DeJarnette (2012).
65 See Lopez-Gatius (2012).
66 See Rath and Johnson (2008) and DeJarnette et al. (2011).
67 See Hansen and Block (2004) and Longergan (2007).
68 See Gumen et al. (2011).
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Selection for survival (e.g. heat tolerance, parasite resistance) and appearance traits has, 
in many cases, come at the expense of fertility and production traits (Berman, 2011). In 
addition, there are numerous examples of introductions of non-adapted breeds into regions 
with the goal of realizing rapid gains in production (Berman, 2011). However, these often 
fail or fall short of expectations because the introduced breed is unable to thrive under local 
conditions or fails to deliver acceptable appearance traits. Therefore, breeds of animals in 
production systems should be selected on the basis of their superior performance in the 
local/regional environment and with consideration to local preferences as well as facility, 
personnel (management) and feed resources. 
The trend in recent years has been to take a crossbreeding approach using non-adapt-
ed breeds crossed with indigenous breeds (Berman, 2011; Banda et al., 2011) or to use 
indigenous breeds in the context of a nucleus flock or village-based selection programme 
to accelerate genetic progress. This trend should be encouraged and expanded. Although 
this can result in slower gains in production efficiency, it is more effective in ensuring that 
crossbred animals have the needed survival traits (Funk, 2006; Bee et al., 2006) and that 
animals possess the culturally appropriate appearance traits. 
For example, Mirkena et al. (2011) describe an approach where numerous small flocks 
in a village were treated as one large population, and selection for breeding males was 
made from that larger group. In other cases governments, NGO or academic institutions 
can establish nucleus flocks for distribution of high quality genetics. Using these approach-
es has yielded, for example, significant gains in both lambs born and weaned per ewe 
(Mirkena et al., 2011). The authors of that study concluded that while this approach held 
promise to improving production efficiency, it relied on accurate pedigree and performance 
information and a commitment of continuing support for the programme.
In many countries, including many developed countries, pure-breeding is used extensively 
(e.g. Holstein and Angus in the United States). While pure-breeding can accomplish goals for 
genetic improvement and provide the necessary founder animals for effective crossbreeding 
programmes, there must be careful attention to breeding strategies to minimize inbreeding 
and incorporate fertility measures into selection indices. During the past decade, selection 
indexes for Holsteins in the United States have increased emphasis on fertility measures 
[daughter pregnancy rate (DPR) and productive life (PL)] with evidence of success69. 
It is encouraging to note that regions that have consistently included fertility in selection 
indexes have not seen the same declines in fertility while achieving substantial gains in pro-
duction (Berglund, 2008). While this can be accomplished in developed countries, it is more 
difficult in developing countries where availability of breeding animals of the introduced 
breed may be limited, pedigree information is incomplete or absent and the cost of genetic 
analysis is often prohibitive. Increasing emphasis on fertility and productive life in selection 
indexes will reduce animal numbers needed to produce a unit of product.
Inbreeding-induced reduction in fertility is also an issue associated with pure-breeding. 
The wide spread use of North American dairy genetics has resulted in a global increase 
in inbreeding coefficients among major breeds (Funk, 2006). Greater emphasis should be 
given to reducing inbreeding, particularly in developing countries where knowledge of 
69 See Kuhn et al. (2006); VanRaden et al. (2007); and Norman et al. (2009).
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inbreeding depression is lower. While pedigree driven mate selection is a common prac-
tice to reduce inbreeding in developed countries, this is not the case for many developing 
countries. For example, in sheep production in Ethiopia, it was reported that approximately 
75 percent of farmers replaced their breeding ram from their own flock (Getachew et al., 
2011). Similar observations have been made in Buhtan, Nepal, India and China where 
smallholder Yak farmers select replacement males from their own sires and utilize the same 
male even as his own daughters reach breeding age (Zi, 2003). Education and temporary 
mixing of flocks/herds are low input strategies to reduce the negative effects of inbreeding 
on fertility and should be strongly encouraged.
early puberty attainment and seasonality
Reproductive efficiency can be improved if animals are managed to achieve puberty early. 
This can be accomplished through genetic selection (Nogueira, 2004; Fortes et al., 2011), 
improved metabolic status (Funston et al., 2012), and manipulation of season of birth 
(Luna-Nevarez et al., 2010; Fortes et al., 2011). 
The result of these strategies is to allow for insemination and first parturition to occur 
at a younger age. For example, under conditions of adequate nutrition, swine should 
be inseminated on their pubertal estrus to maximize lifetime productivity (Kirkwood and 
Thacker, 1992). This results in an early economic return on investment and enhanced 
profitability, more rapid introduction of improved genetics into herd/flocks, and more preg-
nancies during the animals’ productive life (Place and Mitloehner, 2010). However, primary 
factors limiting this approach are the ability to meet the nutritional needs of growth and 
gestation during the first parity, and management skills of farm personnel. 
Reduction in (or alteration of) seasonality provides opportunities to produce offspring 
for market during times when prices are highest. In addition, for sheep and goats, it opens 
up the possibility of obtaining two lambings/kiddings in one year, effectively doubling pro-
duction per female (Notter, 2008). However, these types of accelerated lambing systems 
require intensive management (e.g. light control), early weaning, and optimal nutrition. 
The effects of season on fertility have also been demonstrated in cattle (De Rensis 
and Scaramuzzi, 2003), buffalo (Perera, 2011), and swine (Kirkwood and Aherne, 1985). 
Strategies to address seasonality in these species (especially buffalo and cattle) include 
increasing metabolic status and reducing heat stress by provision of adequate shade and 
access to water.
enhanced fecundity
Prolific breeds/strains of animals can greatly increase the efficiency of production by increas-
ing the number of animals (or live animal weight) weaned per female for each gestation. 
However, breed choice must meet the requirements outlined above for appearance traits, 
adaptation to regional climate, feed and production/management practices (Getachew et 
al., 2011). This approach is less relevant to cattle production because twins are generally 
not favoured due to the resulting increase in periparturient problems (dystocia, uterine 
infection, delayed resumption of cyclicity). 
Several sheep breeds exist (e.g. Finnsheep, Romanov, Boorola Merino, etc.) that exhibit 
increased ovulation rate and litter sizes. In addition, standard gene introgression (mating) 
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strategies have been used to improve fecundity in existing breeds without loss of desired 
breed characteristics and appearance traits (Notter, 2008). For example, the unimproved 
version of the widely utilized Awassi and Assaf breeds (fat tail sheep) in the Middle East 
have been introgressed with the Boorola Merino fecundity gene (FecB gene) resulting in 
the Afec Awassi and Afec Assaf breeds that exhibit a yearly increase of approximately one 
additional lamb per ewe (Gootwine, 2011). 
A similar approach using the fecund Indian Garole breed crossed with the Laland 
strain of the Deccani breed on the Deccani plateau in India resulted in a 33 percent 
increase in productivity of ewes carrying the FecB gene (FAO, 2011a). However, it is 
important to note that success of this programme was dependent on additional support 
for the smallholder farmers, including training in lamb management, veterinary care and 
insurance payments. 
The FecB gene mutation is also present in a number of other Asian breeds including the 
Javanese Thin Tail and Chinese Hu and Han breeds (Notter, 2008). This presents an oppor-
tunity for use of these breeds in regional crossbreeding programmes aimed at increasing 
fecundity. Crossbreeding/gene introgression programmes utilizing prolific breeds have 
proven their ability to increase fecundity and live weight of offspring weaned per female 
for each gestation.
Nutritional flushing 
The provision of additional dietary energy at the onset of the breeding season (nutritional 
flushing) and introduction of males (male effect) are strategies to induce the onset of cyclic-
ity early in the breeding season; they have been successfully used to increase ovulation rate 
in small ruminants (Fitz-Rodriguez et al., 2009; Talafha and Ababneh, 2011). 
This can be accomplished in low input agriculture by managing exposure of females 
to males, by holding some higher quality pasture in reserve to be used at the onset of the 
breeding season, or by provision of grain for the first two-three weeks of the breeding 
season. With such nutritional strategies, improvements in ovulation rate of 0.5 to 1 have 
been reported (Naqvi et al., 2012). 
In our experience, the combined use of early introduction of males and flushing has 
been effective in increasing the number of females conceiving early in the breeding season. 
However, effects reported by others have been variable (De Santiago-Miramontes et al., 
2011). These strategies are most effective when the animals are not already in good body 
condition (e.g. are thin).
early weaning
To maintain a yearly calving interval, beef cows must rebreed within approximately 85 
days of parturition. The suckling stimulus can delay or completely suppress cyclicity in 
beef females, especially when nutrition is inadequate (Crowe, 2008). Suckling-induced 
anestrus is thought to result from direct endocrine suppression induced by suckling and the 
increased metabolic demands of lactation. 
In systems with sufficient feed and management resources, early weaning is an effective 
method for induction of cyclicity and rebreeding (Zi, 2003; Crowe, 2008). In management 
systems that cannot support early weaning, intermittent weaning can be utilized. For 
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example, 12 hour temporary weaning of Bos indicus cattle improved conception rates in 
extensively managed cows (Escrivão et al., 2009). 
To maximize fertility in swine production, females should achieve puberty at an early 
age, be inseminated with high quality semen at their pubertal estrus, farrow a large litter, 
lactate for three-four weeks, wean that litter and then return to estrus and be rebred within 
four-eight days (Kirkwood and Thacker, 1992).
enhanced periparturient care and health
There is a clear positive relationship between health and fertility in farm animals (Weigel, 
2006), and the time of greatest risk for disease for any female animal is during the peripar-
turient period70. Postpartum disease results in delayed resumption of ovarian activity and 
longer days between births resulting in poor fertility (Thatcher et al., 2006). Indeed, low 
fertility accounts for roughly one-third of the voluntary culling decisions in North American 
dairy production71. 
Successfully navigating the transition period in dairy cows involves careful attention to 
the metabolic status of cows in the pre- and postpartum period. The length of the dry peri-
od could be reduced to less than 60 days and, in fact, recent work suggests a dry period of 
30 days may result in better metabolic profiles and reproductive health in the postpartum 
period (Gumen et al., 2011). However, difficulties that arise in managing cows with little to 
no dry period may limit the application of this strategy. 
Another strategy to optimize metabolic function during the dry period is to increase the 
roughage content while simultaneously reducing energy in the diet (Beever, 2006). This 
results in increased DMI and fewer metabolic problems during early lactation. In developed 
countries, manipulating the composition of dietary fats has yielded improved reproduc-
tive performance. For example, current recommendations are to feed a diet enriched in 
omega-6 fats (pro-inflammatory) in the immediate peripartum period and then switching 
to omega-3 fats (anti-inflammatory) at 30 days post-partum to promote pregnancy estab-
lishment (Thatcher et al., 2006; Silvestre et al., 2011). In addition, genetic selection for 
resistance to diseases and metabolic disorders should yield improvements in health during 
the periparturient period (Weigel, 2006).
Health of animals is affected by many aspects of the production system, in particular 
nutrition, stress, facilities and preventive health measures (vaccination and quarantine of 
new arrivals). For optimal fertility, dams should receive additional care and optimal nutrition 
during the period immediately prior to and after parturition. Animals should be vaccinated 
and receive appropriate boosters for endemic diseases, especially diseases that can cause 
early embryonic mortality and abortion. 
Animals that are diagnosed with disease should receive prompt medical care; however, 
this is not always the case. In smallholder dairy farms in Malawi, 11 percent of farmers 
reported that they did not treat sick cows due to lack of available drugs or the high cost 
of drugs (Banda et al., 2011). Failure to effectively control disease is exacerbated by poor 
recordkeeping and lack of post-mortem disease diagnosis in developing countries.
70 See Beever (2006); Thatcher et al. (2006); and Gumen et al. (2011).
71 See Beever (2006); Thatcher et al. (2006); and Gumen et al. (2011).
Mitigation practices 117
reduction of stressors
Environmental stressors (heat, transport, predation, feed and water contamination, etc.) 
have been shown to cause embryo loss, especially in the first four-six weeks after mating/
insemination (Hansen and Block, 2004). Management strategies should target reduced 
stress during early gestation. Special attention should be given to provision of adequate 
access to shade and water to reduce heat stress and to minimize transport or herding of 
animals over long distances during the first four-six weeks of gestation. 
assisted reproductive technologies
Artificial insemination and other reproductive technologies (estrus synchronization, embryo 
transfer, gender-selected semen; DeVries et al., 2008) can be used to enhance the genetic 
value of offspring, particularly relative to fertility traits. 
For example, AI was shown to improve several measures of fertility compared to natural 
mating when implemented as a programme to improve the efficiency of smallholder swine 
production in Thailand (Visalvethaya et al., 2011). In addition, 55 percent of smallholder 
dairy farmers in Malawi reported utilizing AI (Banda et al., 2011). However, success of AI 
programmes was dependent on distance from access to semen, good quality equipment, 
training of inseminators, heat detection skills and general education level, and even age of 
the farmer. These results suggest the potential for improvement in fertility with enhanced 
educational efforts and small investments in the AI infrastructure.
Hormonal injection programmes designed to synchronize estrus or ovulation are cred-
ited, in part, with the apparent reversal of declining fertility seen in North American dairy 
system during the last decade. These programmes have aided larger farms in dealing with 
the difficulty of accurately detecting estrus in cattle. The result has been more cows submit-
ted for insemination and higher pregnancy rates (Gumen et al., 2011). Use of these tech-
nologies is limited in small ruminants due to their cost, especially in developing countries.
Reproductive management protocols for optimal fertility must include timely and accu-
rate determination of pregnancy status so that decisions can be implemented to cull or 
re-inseminate females. A minority of smallholder farmers in Malawi (23 percent) reported 
using pregnancy diagnosis, but this generally occurred 90 days after insemination, preclud-
ing the timely re-insemination of cows that failed to conceive (Banda et al., 2011). The typ-
ical method was transrectal palpation, but other widely used methods for determination of 
pregnancy status included failure to return to estrus and physical appearance. These latter 
two approaches are associated with large errors, particularly if farmers have few cows and 
they are housed individually (non-grazed) as is often the case. 
There should be increased training and encouragement of farmers to conduct transrectal 
palpation in cattle earlier (days 35 to 45) after insemination as a strategy to reduce calving 
intervals. Individually-housed animals will present difficulties for visual estrous detection.
SPECIES SUMMARIES BY MANAGEMENT SYSTEM
Improving the nutritional status of any species will improve fertility measures. In general, bet-
ter nutrition will result in more eggs ovulated, less embryonic mortality, fewer problems in the 
periparturient period, more rapid return to cyclicity following parturition and earlier attain-
ment of puberty. Adequate nutrition is the foundation for optimal reproductive performance.
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Small ruminants (sheep and goats): Can be intensively and extensively managed. 
Species are heavily utilized in developing countries where management is extensive and 
facilities, feed and management are of lower quality.
Greatest potential for fertility improvement:
•	 Low input: Breed choice (including cross-breeding and reduction in inbreeding), 
twinning, dietary flushing with pasture or concentrates, use of male effect to 
induce female cyclicity, early weaning (Chanvallon et al., 2010). 
•	 High input: AI, seasonality reduction, early weaning/puberty, genetic selection for 
fertility, pregnancy tests (chemical or ultrasonic based) for early detection of preg-
nancy status.
Cattle (dairy): Mostly intensively managed, but also grazed and seasonal. Heavily 
utilized in developed countries where management is intensive and facilities, feed and 
management are of higher quality. 
Greatest potential for fertility improvement:
•	 Low input: Breed choice, including crossbreeding (Bee et al., 2006) and reduction 
in inbreeding, feeding strategy, reduction in stressors, early weaning calves.
•	 High input: AI, heat detection aids, estrous synchronization, gender-selected 
semen, embryo transfer, chemical pregnancy tests, early puberty/breeding, 
increased longevity, genetic/genomic selection for fertility.
Cattle (beef): Mostly extensively managed in cow/calf systems, and intensively man-
aged for finishing in feedlots in developed countries; more finishing on pasture in develop-
ing countries. Primary (80 percent) GHG contributions come from the cow/calf phase of the 
production system. Some impacts from deforestation for expanding pastures for grazing; 
however, this trend is downward. Heavily utilized in developed countries where manage-
ment is intensive and facilities, feed and management are of higher quality. 
Greatest potential for fertility improvement:
•	 Low input: Breed choice, including cross-breeding (Bee et al., 2006), reduction in 
inbreeding, reduction in stressors (environmental, disease), early/temporary wean-
ing calves, induction of early puberty. 
•	 High input: AI, heat detection aids, estrous synchronization, gender-selected 
semen, embryo transfer, pregnancy tests (chemical or ultrasonic based), early 
puberty/breeding, increased longevity, genetic/genomic selection for fertility.
Cattle/Buffalo (tri-purpose: meat, milk and draught): Mostly extensively managed 
or smallholder farms. Heavily utilized in developing countries where management is exten-
sive, and facilities, feed and management are of lower quality. 
Greatest potential for fertility improvement:
•	 Low input: Breed choice, including cross-breeding (Bee et al., 2006), reduction in 
inbreeding, feeding strategy, reduction in stressors (environmental, disease), early/
temporary weaning calves.
•	 High input: AI, gender-selected semen, embryo transfer, early puberty/breeding, 
increased longevity, genetic selection for fertility.
Swine: Mostly intensively managed, but many smallholder farms in developing countries. 
Greatest potential for fertility improvement:
•	 Low input: breed choice, including cross-breeding and reduction of inbreeding, 
reduced piglet mortality, early weaning piglets.
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•	 High input: AI, genetic/genomic selection for productivity traits (fertility, litter size, 
disease resistance, seasonality, longevity).
Many of the technologies mentioned above are well-established and could be imple-
mented with little or only modest investments in infrastructure and education (e.g. 
enhanced use of crossbreeding and reduction of inbreeding). It will be important for efforts 
to include development of value added markets to offset additional costs associated with 
adoption of these technologies. 
Other strategies (estrous/ovulation synchronization, embryo transfer, gender selected 
semen) require well-developed animal production systems with modern management 
protocols that are permissive to improved fertility (facilities, nutrition, vaccination, animal 
welfare). Some of the more effective strategies identified here for developed countries 
included selection and crossbreeding strategies to return conception rates in dairy cows to 
levels in the 1990s (about a 5 percent increase) and increase longevity while maintaining 
current levels of milk production. This would result in a large decrease in the number of 
replacement animals kept in the herd and cows that are spending more time in the most 
productive portions on their lactation curve. 
Additional opportunities were identified for improvements in both litter size and piglets 
weaned per litter in China and other Asian countries to levels closer to those achieved in 
North America. This is estimated to reduce the sow herd in China by up to 2.5 million 
animals at current production levels. Effective use of breed/strains of small ruminants exhib-
iting increase ovulation rates has already been demonstrated to result in between 0.5 and 
1.0 additional offspring weaned per ewe. In many cases, indigenous fecund breeds exist, 
thus obviating the need to bring in non-adapted breeds. 
Real promise exists for improving production efficiency and thereby reducing GHG 
production through the adoption of AI and the use of nucleus flock/village-based selection 
practices in developing countries (Mirkena et al., 2011; Gizaw et al., 2011). There are 
numerous examples where this has been implemented with some success. This is an area 
where governments, NGO and academic institutions can have a large positive impact. 
However, improved fertility must be accompanied with proper nutrition, there must be 
strong local farmer involvement, assistance in market development and a commitment to 
continued engagement for these efforts to take root. 
Finally, more timely pregnancy diagnosis would result in more services over shorter 
intervals that will improve pregnancy rates. In large ruminants, transrectal palpation, when 
practised by an appropriately trained technician or farm worker, would be an effective and 
low cost method to diagnose pregnancy status and facilitate timely rebreeding. Together, 
these strategies will reduce the number of animals needed per unit of product produced 
while at the same time improving profitability of the animal production system.
Pursuing a suite of intensive and extensive reproductive management technologies provides 
a significant opportunity to reduce GHG emissions. Recommended approaches will differ 
by region and species but will target increasing conception rates in dairy, beef and buffalo, 
increasing fecundity in swine and small ruminants, and reducing embryo mortality in all species. 
The result will be less replacement animals needed, fewer males required where AI is adopted, 
longer productive life and higher production per breeding animal.
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Interactions among  
mitigation practices
Interactions among animal, environment, management, production, and CH4 and N2O 
mitigation practices are inevitable and as a consequence, evaluation of mitigation practices 
in controlled experimental conditions often results in unexpected outcomes when applied 
to the whole farm. Moreover, these interactions within the livestock production system may 
hinder or enhance GHG mitigation and animal productivity. 
While the effects of GHG mitigation practices may be clear for some emission sources at 
specific stages of the production cycle, the system-wide effects of these practices are often 
difficult to measure. Furthermore, mitigation practices are not usually mutually exclusive72. 
A hypothetical example of how mitigation practices may have a cumulative effect in 
decreasing GHG emissions from a dairy production system has been given by Eckard et al. 
(2010). In their example, improved feed conversion efficiency through breeding (10 percent 
less CH4 when applied alone), feeding of dietary lipids (10 percent less CH4 when applied 
alone), extended lactation management system (10 percent less CH4 when applied alone) 
and use of a nitrification inhibitor on the paddocks twice a year (61 percent less N2O when 
applied alone), could result in a cumulative reduction of 40 percent in whole-farm GHG 
emissions (versus 91 percent, if considered to be mutually exclusive and/or additive).
InteractIons In the rumen
Based on growing awareness of ruminal ecology and fermentation, we should expect inter-
actions in enteric CH4 production to become increasingly apparent as a result of different 
dietary or animal conditions. In recent years, considerable research efforts around the world 
have been funded to elucidate potential animal and microbial genetic variability related to 
efficiency of feed utilization and enteric CH4 production. 
Among-animal variability is a fact (Martin et al., 2010a) and might be related to micro-
bial inoculation immediately after birth (Yáñez-Ruiz et al., 2010) and therefore amenable 
to manipulation. Interactions among ruminal microbial communities are complex and have 
evolved over millennia; successful mitigation of enteric CH4 is not possible without under-
standing these interactions, cross-feeding among species, substrate competition and par-
ticularly H2 kinetics, which, according to some, is the key to CH4 formation and mitigation 
[see, for example, Janssen (2010)].
Protozoal-methanogen relationships
Protozoal-methanogen relationships are a typical example of interactions related to CH4 
production in the rumen. Protozoa suppression should decrease methanogenesis because 
72 Table A5 (see Appendix 2) summarizes interactions among mitigation practices discussed by FAO experts and 
the authors of this document. 
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they dispose of 2H through production of H2 and formate in pathways that include 
hydrogenosome-bound enzymes (Morgavi et al., 2010; Ushida, 2010). Many researchers 
have focused on the endosymbiotic methanogens, but the protozoa-associated methano-
gens actually might be far more represented by ectosymbionts that chemotactically swarm 
to the surface of protozoa, especially when H2 production increases after feeding (Firkins 
and Yu, 2006; Ushida, 2010). 
After H2 production slows down and [H2(aq)] concentration decreases, these methano-
gens could detach and then use H2 derived from other sources such as bacteria adherent to 
fibrous particles. Isotrichid protozoa sink rapidly to the ventral rumen and reticulum rapidly 
after feeding, whereas the entodiniomorphid protozoa are highly predominant on stand-
ard beef or dairy diets that include considerable amounts of grain (Firkins and Yu, 2006). 
Although these entodiniomorphid populations are often thought to attach to feed, phys-
ical attachment is rarely observed (Firkins et al., 2007). The Jansen (2010) model explains 
that slower ruminal passage rate will slow the growth rate needed for methanogens to 
maintain their density in the rumen and increase the total H2 (and therefore CH4) produced 
compared with the faster rate of fluid passage. 
Protozoal density is often positively correlated to CH4 production73, but several studies 
have found little relationship between methanogenesis with either protozoal density74 or 
even methanogen density75. Part of the explanation could be that removal of protozoa pro-
vides a void that is taken up by other bacteria many of which also produce H2. If H2-produc-
ing bacteria are also decreased simultaneously with protozoa by CH4 mitigation strategies 
such as unsaturated fat (Yang et al., 2009), CH4 mitigation cannot be attributed solely to 
the removal of protozoa. In contrast with that report, defaunation increased the relative 
abundance of ruminococci, but methanogenesis varied with the time after defaunation 
(Mosoni et al., 2011). Those authors explained that protozoa might preferentially predate 
cellulolytic bacteria; however, the interaction is probably more complicated because surface 
area of fibre, not abundance of cellulolytic bacteria per se, limits fibre digestibility (Dehor-
ity and Tirabasso, 1998; Fields et al., 2000), and cellulolytic bacteria are firmly adherent. 
Protozoa also have positive benefits that might enhance fibre digestibility on a net basis 
(Firkins and Yu, 2006). 
Methanogenesis independent of protozoa in the hindgut can be as high as 20 percent 
of total CH4 production from calves (Schönhusen et al., 2003). The proportion of fibre 
digestibility occurring in the hindgut of dairy cattle has been questioned (Huhtanen et 
al., 2010), although hindgut capacity seems significant (Gressley et al., 2011) and might 
be shifted more when stringent CH4 abatement strategies such as coconut oil are utilized 
(Reveneau et al., 2012). The proportion of hindgut NDF digestibility might be greater with 
some diets, particularly when non-forage fibre sources are combined in low forage diets 
(Pereira and Armentano, 2000). 
Insufficient particle size of forage, particularly in high concentrate diets, can decrease 
ruminal pH (Yang and Beauchemin, 2009) and presumably methanogenesis. Moreover, Fir-
kins et al. (2001) found that increasing starch digestibility in the rumen through finer grind-
73 See Morgavi et al.(2010); and Patra (2010).
74 See Hristov et al. (2011b); and Morgavi et al. (2011).
75 See Firkins and Yu (2006); and Mosoni et al. (2011).
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ing of corn grain was partially offset by decreasing NDF digestibility and did not increase 
microbial protein production, apparently because of decreased efficiency of microbial pro-
tein synthesis. Yet, finer grinding of corn also helps to maximize total tract digestibility of 
starch. These inverse responses between starch and NDF digestibilities can be exacerbated 
by type of endosperm (Lopes et al., 2009). Buffering capacity in the lower digestive tract is 
much less than in the rumen, so hindgut acidosis is a potential problem with increased pas-
sage of digestible substrate (Gressley et al., 2011). Consequently, methanogenesis would 
be expected to be very low in the hindgut as pH drops below 6.0. 
Although variation in site of digestion might complicate prediction of methanogenesis 
per animal in a systems approach, it also complicates prediction of N excretion and animal 
productivity. Substrate reaching the fermentative sites within the intestines could trap 
more N in faeces rather than in urine because of either blood urea-N cycling and bacterial 
assimilation or perhaps because of decreased protein digestibility (Pereira and Armentano, 
2000; Gressley et al., 2011). Shifting starch digestion to the small intestine (including some 
escaping the animal’s digestion) increases tissue N retention, which should decrease N 
excreted in urine (Reynolds et al., 2001) and the potential of N2O emission from manure 
application. The latter study documented that even abomasal infusion of starch can depress 
milk fat synthesis. 
The combination with fat in higher concentrate diets increases likelihood for decreased 
CH4 production but also presents the opportunity for shifting digestion to the hindgut. Meta 
analyses are improving our ability to integrate rumen-degraded starch, effective NDF, DMI 
and their interactions (Zebeli et al., 2010), but such comprehensive meta approaches have 
not been done to assess dietary fat’s effects on site of carbohydrate or protein digestion. 
Previous efforts to scale CH4 suppression to DMI will inflate potential benefit for die-
tary fats for a number of reasons. Unsaturated and medium-chain saturated FA, which 
are more bioactive against methanogens and protozoa (Hristov et al., 2004; Firkins et al., 
2007), are also more likely to decrease DMI (Allen et al., 2009; Lee et al., 2011a). Although 
net energy intake might not be decreased, the fermentable portion of the diet would be 
decreased (Martin et al., 2010a). This response would be exacerbated if fibre digestibility 
in the rumen was decreased or digestion shifted to the hindgut. In addition, if intake was 
suppressed enough to depress productivity, then more dairy cattle or more days on feed 
would be needed to maintain the same level of herd milk or meat production (Firkins, 2010; 
Hollmann et al., 2012).
There are numerous opportunities to simultaneously decrease wastage of N and 
methanogenesis in the rumen. For example, selecting or harvesting forages with high-
er sugar concentrations (see Forage quality and management) or decreased likelihood 
of ruminal proteolysis can help trap more dietary N as microbial N (Kingston-Smith et 
al., 2010). Besides plant proteases still remaining active in grazed forage, the authors 
explained that AA-fermenting bacteria might be stimulated when forages have excess 
rumen-degraded protein. These bacteria must flux through a rapid number of AA per 
unit of time, because ATP yield per AA is low in a similar way that methanogens have a 
relatively low ATP yield per mole of CH4 produced (and, with four moles of H2 needed per 
mole of CH4, must flux rapidly through H2). Feeding glucose decreased NH3 irreversible 
loss, but the response appeared to be a result of decreased proteolysis rather than from 
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NH3 assimilation (Hristov et al., 2005), perhaps because sugar-using bacteria compete for 
AA with the obligate AA fermenters (Firkins, 2010). 
Suppressing both methanogens and obligate AA fermenters presents common oppor-
tunities for control because a relatively small decrease in number of cells can have a large 
response in activity and response on methanogenesis or N excretion (and ultimately N2O 
production). Branched chain AA degradation by mixed rumen microbes is linked with 
disposal of reducing equivalents and methanogenesis (Hino and Russell, 1985). Essential 
oils inhibit both methanogens and the obligate AA fermenters (Eschenlauer et al., 2002). 
In contrast with essential oils, polyunsaturated FA depress cellulolytic bacteria but increase 
proteolytics (Yang et al., 2009). 
These types of studies are helpful, but more work needs to target the obligate AA 
fermenters in vivo using quantitative molecular techniques because moderate depressions 
in this high-activity, low-abundance group might be masked when using cultivation-based 
assays such as in the Yang et al. (2009) study. Many researchers have focused on com-
bined inhibition of protozoa and methanogens because of their strong association in inter-
species H2 transfer plus protozoal-mediated intraruminal N recycling (Firkins et al., 2007). 
However, some approaches probably magnify this linkage because deaminase activity 
of protozoa is probably inflated by using disrupted cells (Forsberg et al., 1984), and the 
decrease in NH3 concentration with defaunation must be due, at least in part, to protozoa 
not using NH3 for protein assimilation (Firkins et al., 2007) as would bacteria taking up the 
void left by displaced protozoa.
n retention and ch4 emissions
Forage source and quality have several potential interactions that influence the efficiency 
of dietary protein capture or possibly CH4 mitigation strategies. These strategies must 
be scaled per unit of retained N (or average daily gain) or ECM because different forage 
sources can influence bulk fill-regulated voluntary feed intake. Legumes can capture N2 
from the atmosphere, but spreading more manure N beyond uptake by the leguminous 
plant can decrease N2 fixation and increase N2O volatilization from soil to atmosphere 
(Kingston-Smith et al., 2010). 
To avoid this loop between excessive N excretion by the animal and excessive N ferti-
lization when the forage is based on legumes, one simple approach would be to plan for 
increased DMI compared with grasses; higher intake allows rations to be formulated with 
a lower percentage of protein to meet the animal’s MP requirements on a gram/day basis 
(Voelker Linton and Allen, 2009). Better quality legume silages could enhance this intake 
response, so lowering the dietary protein percentage should have a greater opportunity 
for trapping dietary N into milk protein if rumen-undegradable methionine sources are fed 
(Broderick and Muck, 2009). 
Increasing the proportion of forage from alfalfa silage (replacing corn silage) has been 
found to increase DMI (Weiss et al., 2009a), but increasing alfalfa silage:corn silage increased 
excretion of urinary N. The authors emphasized the over-sensitivity of the NRC (2001) MP 
model (it over-predicts the decrease in MP-allowable milk with insufficient MP supply), which 
emphasizes the priority for improving accuracy and precision of MP models. The companion 
study (Weiss et al., 2009b) documented that MP from that model was optimized at about 
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11 percent of dry matter and that manure NH3 production was least with increasing alfalfa 
silage or increasing starch appropriately. The latter response illustrates the need to better 
account for digestible starch supply and its site of digestion with differing forages, especially 
because corn silage supplies a significant proportion of starch in many dairy rations. 
Feeding brown mid-rib (BMR) corn silage (characterized with lower lignin content and 
greater NDF digestibility) often increases DMI compared with conventional hybrids. How-
ever, if intake is not increased corresponding with increased fibre digestibility from BMR 
silage, then more MP is needed to match with the extra energy supply (Weiss and Wyatt, 
2006). These authors commented that increasing MP tended to increase DMI, which would 
increase intake of rumen-digestible OM in the rumen to increase microbial protein synthesis 
and capture of N. In this case, the extra MP was associated with increased excretion of N, 
documenting the need to better formulate for metabolizable AA profile in lower protein 
diets and to ensure that rumen-degraded protein supply does not limit microbial protein 
synthesis with improving forage quality. 
Research findings related to enteric CH4 mitigation strategies need to be transferred 
into practice with some caution. There is greater variability in farm situations than in 
controlled research, and dietary intervention could decrease CH4 or N excretion per cow 
but have no net gain when applied to a system (St-Pierre and Thraen, 1999), particularly 
because fewer cows and their replacements are needed to produce the same milk within a 
milk marketing region (Capper et al., 2009). Managerial decisions to increase fibre digesti-
bility would equate to greater VFA (and CH4) production, as shown for exogenous enzymes 
(Zhou et al., 2011b), but if CH4 was increased less than digestibility was increased, there 
still could be a direct advantage in a systems approach. 
Interactions among ruminal microbial communities are complex and have evolved over millen-
nia. Successful mitigation of enteric CH4 is not possible without understanding these interac-
tions, cross-feeding among species, substrate competition and H2 kinetics. A classic example 
of species interactions in CH4 formation is protozoa-methanogen interactions, although studies 
have found little relationship between methanogenesis and protozoal density. Carbohydrate 
degradation is directly related to CH4 production but interactions in carbohydrate digestion 
involve source (structural vs non-structural), ruminal pH, dietary protein composition and N 
availability in the rumen, and extent of ruminal escape and site of carbohydrate digestion, 
with the latter two categories also impacting N utilization and potentially N2O emissions from 
soil. Enteric CH4 mitigation effects documented in controlled animal experiments have to be 
interpreted with caution and may not replicate in practical farm conditions due to various 
whole-farm interactions.
InteractIons among feed addItIves, ratIon, enterIc  
ch4 and anImal ProductIvIty
Feed additives and dietary manipulations targeting enteric CH4 reduction are mostly 
studied in isolation76, but can have synergistic or antagonistic effects. It is unlikely that 
mitigation practices reviewed under Enteric Fermentation can have additive effects on 
76 Very few in vivo experiments have studied synergy/antagonism among mitigating agents.
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enteric CH4, but there is not much evidence to support or refute this assumption. It is also 
unlikely that CH4 inhibitors can have an additive effect because the rumen ecosystem has a 
limit to how much imbalance can be tolerated before feed intake, digestibility and animal 
production are negatively affected. 
On the other hand, dietary manipulation targeting increased nutrient digestibility, for 
example, is expected to decrease enteric CH4 production per unit of product and would 
most likely decrease GHG emissions from stored manure because less fermentable OM will 
be excreted with faeces. Dietary manipulations resulting in increased feed intake, digesti-
bility and improved animal productivity would result in reduced enteric CH4 production per 
unit of product. Stable rumen fermentation (in terms of pH) might improve animal health77 
and feed efficiency, and reduce GHG Ei by the animal or from manure storage (due to 
excretion of less fermentable OM with faeces). 
Nitrates are an example of a possible interaction between feed additives and manure 
N emissions. Enough nitrates must be fed to pull dissolved H2 away from methanogenesis, 
which means that reduction of nitrates to NH3 could increase NH3 absorbed from the rumen 
and urea excreted in urine – assuming that nitrite accumulation, absorption and methemo-
globin production is not a negative factor (van Zijderveld et al., 2011b). In the latter study, 
the major dietary ingredient was corn silage (53 percent of total diet DM) with a protein 
concentration of 74 g/kg DM, and the authors used formaldehyde-treated soybean meal 
(11 percent of total diet DM). However, the effective nitrate dose to inhibit methanogenesis 
without increasing loss of labile N in urine could be a complicating factor, particularly for 
forages that already have a high non-protein N concentration such as low-DM alfalfa silage 
(Messman et al., 1994; Hristov et al., 2001) or grasses heavily fertilized with N (Fievez et 
al., 2001b). Feeding hay with increasing forage N concentration through fertilization in 
high forage diets improved N retention, but total dietary protein concentration was low 
(Messman et al., 1992). 
When adopting mitigating practices related to animal nutrition, it must be borne in 
mind that diets are formulated to make up 100 percent of DMI and decreasing concen-
tration of one nutrient will lead to increasing the concentration of another. An example 
was given earlier with dietary protein. Decreasing dietary protein concentration to address 
NH3 and N2O losses from stored manure or manure-amended soil may increase enteric CH4 
emission, as shown by the modelling effort by Dijkstra et al. (2011b). Given that there is 
not much experimental evidence that such an intervention will in fact increase enteric CH4 
emissions, reduction of dietary protein is still an important and recommended NH3 and N2O 
mitigation option. Reducing N intake should not be done at the expense of decreasing N 
availability for ruminal microbes. Maintaining optimal conditions for fibre degradability in 
the rumen is a primary goal of ruminant nutrition and has many benefits related to animal 
health, farm profitability, and also mitigation of GHG Ei. 
Feeding dietary lipids and increasing the concentrate feeds in the diet is another area 
that may have implications in manure GHG emissions and overall whole-farm C footprint. 
There is a substantial body of evidence that lipids can decrease CH4 production in the 
rumen. The effect could come both from direct inhibition of rumen methanogenesis and 
from replacing part of the dietary carbohydrates (when included, lipids usually replace 
77 This is perhaps one reason why Cottle et al. (2011) listed rumen buffers among mitigation options.
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concentrates), which are the primary substrates that lead to CH4 formation. However, the 
risk with lipids lies in the potential negative effect on feed intake and animal production, 
specifically when total fat in the diet exceeds 5 to 6 percent (DM basis). Feed intake is what 
drives production in ruminants and any decrease in DMI, particularly in intensive production 
systems, will lead to decreased milk production or ADG. The effect of FA from vegetable 
oils, long-chain unsaturated and medium-chain saturated FA on ruminal bacteria, particu-
larly fibrolytic bacteria, are well-documented and need to be considered. Decreased carbo-
hydrate degradability in the rumen and the total digestive tract will result in increased OM 
in manure and may increase CH4 emissions during manure storage. Thus, the combination 
of potential decreases in feed intake and fibre digestibility may counteract the enteric CH4 
mitigating effect of lipids resulting in similar or even increased GHG Ei. 
Similar risks can be related to increased concentrate inclusion in the diet. The 
fact that enteric CH4 formation decreases with feeding more concentrate is not 
disputed, but higher starch in the diet may potentially have a destabilizing effect 
on ruminal fermentation, pH, overall rumen health and nutrient digestibility. If 
total tract OM digestibility is impaired, due to excessive inclusion of starch in 
the diet, animal production will decrease and GHG Ei will increase. In addition, 
manure CH4 emissions may also increase, due to increase concentration of 
available substrate, and this will counteract the enteric CH4 mitigation effect on 
a whole-farm scale. 
It is also not clear at what level of concentrate inclusion enteric CH4 mitigation takes 
place. In Table A5 (see Appendix 2) we use the > 35 to 40 percent level proposed by Sau-
vant and Giger-Reverdin (2009), but as indicated under Concentrate inclusion, there are 
examples in the literature where the effect of increasing concentrate inclusion in the diet 
on CH4 production was linear. In many dietary situations, concentrate feeds have a positive 
impact on animal productivity, which will decrease enteric CH4 and overall whole-farm GHG 
Ei. The latter effect also needs to be accounted for when evaluating the mitigating potential 
of concentrate feeds. 
Improving pasture quality in terms of forage digestibility is an efficient way of decreas-
ing GHG emissions from the animal and the amount of manure produced. However, in pas-
ture-based production systems, improving forage quality often means increasing N fertilizer 
application rates, which can have a significantly negative impact on urinary N losses by the 
animal and soil N2O emissions. These counteracting effects have to be carefully evaluated 
in the context of the whole production system so that pasture and animal productivities are 
optimized and whole-farm GHG emissions are minimized. 
Several important interactions can occur in relation to improving low-quality feeds, pri-
marily in developing countries. For example, if anhydrous NH3 or urea is used to treat straw 
and other low-quality feeds, a significant portion (up to 50 percent) of the N applied will 
likely be lost as NH3. Although not a GHG, NH3 has significant environmental implications 
(see Hristov et al., 2011a). Despite these potential losses of N with NH3, the benefits of 
increasing digestibility of low-quality feeds through alkaline treatments must be carefully 
evaluated. Part of the N used in this treatment binds to fibre and can be partially utilized 
as an N source by ruminal bacteria thus enhancing AA supply to meet animal require-
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ments for production purposes. Strategic supplementation of low-quality feeds has the 
sole purpose of improving animal performance by supplementing available N for micro-
bial protein synthesis in the rumen and balancing rations for macro- and micro-nutrients. 
These nutrients may be limiting for feed intake and production and it is expected that 
their supplementation will increase intake, manure output and GHG emissions from stored 
manure and after soil application. Emission intensity, however, is expected to decrease. 
Feed additives and dietary manipulations targeting enteric CH4 reduction are mostly studied in 
isolation and very few in vivo experiments have studied synergy/antagonism among mitigating 
agents. When adopting mitigating practices related to animal nutrition, decreasing concen-
tration of one nutrient will lead to increasing the concentration of another. Thus, decreasing 
dietary protein may increase concentration of dietary carbohydrates and result in increased CH4 
production. Then, this may be counterbalanced by decreased N2O emissions when manure is 
applied to soil. The CH4 mitigating effects of other dietary interventions such as lipid and con-
centrate supplementation must be carefully balanced against potential negative impact on fibre 
digestibility, feed intake and animal productivity. Similarly, the benefits of fertilizer application 
to enhance pasture yield and quality/digestibility and thus decrease enteric CH4 Ei have to be 
evaluated in the context of increased N2O emissions from soil.
InteractIons among feedIng PractIces, manure  
storage and land aPPlIcatIon
Most interactions among nutrition of the animal, stored manure handling and land appli-
cation mitigation practices result from changes in the flow of N and C sources throughout 
the production system. 
Using tannins as a GHG mitigation tool is one example of potential interactions in this 
category. The implications of supplementing diets with tannins, feeding tanniferous feeds 
or adding tannins to manure have been extensively discussed under Plant bioactive com-
pounds. The main interaction with dietary supplementation of tannins or inclusion in the 
diet of tanniferous feeds is with manure GHG, particularly N2O, emissions. Tannins bind to 
N (in the rumen and the whole digestive tract, or in manure if treated with tannins) and 
N2O emissions from manure-amended soil are expected to decrease. 
Another mode of action of tannins is through diversion of N excretion from urine to fae-
ces. Urinary N is the primary source of NH3 and N2O emissions and decreasing its proportion 
in manure N is expected to decrease these emissions during manure storage or after soil 
application. This can be particularly important in grazing systems, where urine patches are 
the main source of N2O emission. There are also indications that tannins can reduce CH4 
emissions from stored manure. As pointed out in Table A5 (see Appendix 2), manure that 
will be fed into an anaerobic digester should not be treated with tannins because this can 
decrease fermentation rate and CH4 production. 
Nitrous oxide production in soil is the result of microbial transformation of NH3-N into 
nitrates and consequent denitrification resulting from changes in the oxidation sites in the 
environment. Several examples exist of how reducing the pool of NH3 in soil or manure 
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can reduce potential N2O emissions78. The relationship between manure ammonium (or 
NH3) and soil N2O emission is complex and has been discussed earlier in this document. 
As pointed out by Petersen and Sommer (2011), if a mitigation technology reduces NH3 
losses from manure, the preserved ammonium N may be later available for increasing soil 
N2O emissions. 
On the other hand, practices that result in increased NH3 emissions in general will 
reduce the overall efficiency of the production system, reduce the amount of N being 
recycled on the farm, and will result in increased demand for N fertilizer, which could 
increase GHG emissions. For example, lower N2O emissions are expected when manure is 
left on the soil surface compared with when it is incorporated into the soil, largely because 
a significant portion of the manure N is lost as NH3 before undergoing nitrification and 
denitrification. Incorporating manures can greatly reduce NH3 emissions, leaving more N 
susceptible to emission as N2O through nitrification and denitrification. However, reduction 
in N losses as NH3 with incorporation means that a smaller quantity of manure is required 
to provide the crop N requirements and the potential for N2O production is proportional to 
the quantity of N applied. 
The trade-off between reduced NH3 volatilization and higher N2O production may be 
even greater for incorporation by injection, because the concentration of manure in below-
ground bands leads to conditions that can be more conducive to denitrification than with 
even mixing by tillage (Dell et al., 2011). 
Manure acidification or cool manure storage are other effective NH3 emission mitiga-
tion strategies that can also potentially increase N2O emissions if the greater ammonium 
content of the manure is not accounted for when determining land application rates. The 
variability and uncertainty in N2O emissions is an important aspect when evaluating the 
effects of mitigation practices that result in opposite effects with respect to NH3 and N2O 
emissions. In this case, N2O emissions are better treated as potential emissions, because 
they might or might not occur depending on many factors involved in the nitrification 
and denitrification processes. On the other hand, NH3 emission and consequent N loss 
are most likely to occur, but vary in magnitude due to environmental and management 
factors. 
Reducing dietary N intake results in reduced N excretion with urine and reduced poten-
tial for N2O emissions when stored manure is applied to soil. Studies by Külling et al. (2001, 
2003) and Velthof et al. (2005) have measured the effect of the interaction among dietary 
N input, manure storage and land application of manure. In general, reduced dietary N 
input resulted in reduced CH4 and N2O emissions, and those reductions were compounded 
by reductions from manure storage and land application methods. 
An interesting and unexpected outcome from the interaction of grazing intensity and 
N2O emissions was demonstrated by Wolf et al. (2010). In their study, grazing intensity in 
the autumn in the high plateaus of Tibet prior to seasonal freezing resulted in increased 
emissions in the following spring freeze-thaw period, because the effect of residual pas-
ture, snow accumulation and soil microbial metabolism resulted in increased microbial 
activity during the cold months. Increased microbial activity during the winter months 
promoted OM decomposition and nitrate accumulation, which in the freeze-thaw pro-
78 See Külling et al. (2001); Velthof et al. (2005); and Lee et al. (2012a).
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cess of the following spring resulted in short duration high intensity N2O emission events 
that accounted for the majority of N2O emissions of the year. The opposite effect was 
described in the intensive pasture systems of New Zealand by de Klein et al. (2006), 
where restricted grazing in autumn-winter seasons resulted in reduced overall N2O emis-
sions by reducing soil N deposition in excreta during the periods in which N2O emission 
potential was the highest.
The cycling of N, and the reduction state in which it is present, changes the nature of 
interactions among mitigation practices. Permeable manure storage covers is an example, 
in which the intended mitigation practice results in a potential increase of GHG emissions. 
Depending on its thickness and permeability, nitrification may occur in the upper layers of 
the cover while, in the lower levels, denitrification conditions may enhance N2O formation 
(Nielsen et al., 2010; Hansen et al., 2009). In this case, the interaction of available C and N 
sources in the correct oxidation form resulted in an effect contrary to that hoped for. A sim-
ilar interaction results when manure was incorporated in pockets into the soil through injec-
tion or shallow ditches. In this case, incorporation of manure greatly reduced NH3 emission 
and resulted in reduced N losses and no CH4 emissions. Nonetheless, the increased OM 
in manure accelerates soil metabolism, depleting oxygen in the soil porous space, thus 
triggering denitrification and N2O emissions. By using anaerobic digestion, or separating 
manure solids, the organic content of manure is reduced, which generally results in lower 
emissions of N2O (Clemens et al., 2006; Velthof and Mosquera, 2011). In general, practices 
intended to reduce production of CH4 though aeration or oxidation during manure storage 
may result in an increased production of N2O at following processing stages. 
Composting presents an interesting case of interactions among GHG mitigation prac-
tices. By design, composting increases NH3 emission and total N losses. The implications of 
increased NH3 emissions have been discussed extensively in this document, but the effect 
of composting on CH4 and N2O emissions is complex. Methane production is an anaerobic 
process and aeration of composted manure will naturally suppress methanogenic activities, 
but will increase NH3 and possibly N2O emissions. Nitrous oxide emissions from compost, 
however, are generally small. The loss of NH3 is significant, but technically, this will reduce 
soil N2O emissions and thus total non-CO2 GHG emissions from composted manure, com-
pared with other manure management systems. 
Composting requires energy input and this can be counted as GHG debits, but farmers 
may use compost as animal bedding thus recycling C within the farm and realizing C sav-
ings. On a whole-farm scale, composting seems to achieve net emission reduction, com-
pared with other manure storage practices. Composting also has a beneficial odour-miti-
gating effect, which is in many cases is as important as, if not more important than, GHG 
in terms of public perception of animal agriculture.  
With the increased production and collection of CH4, anaerobic manure digestion 
appears to be a very effective means to reduce GHG emissions during storage and N2O 
emission following land application, and generate renewable energy. Because anaerobic 
conditions inhibit nitrification, N2O production – both through nitrification and subse-
quent denitrification – should be greatly reduced during digestion. As noted above, the 
lower OM content can also lead to lower N2O emissions when digested manure is land 
applied. However, the inhibition of nitrification under anaerobic conditions can lead to 
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greater ammonium-N in the manure. The greater ammonium concentration of digested 
manures, coupled with the pH increase that is likely with digestion, can lead to great-
er NH3 emissions. Similarly, the use of sealed manure storage with flaring of CH4 can 
effectively reduce GHG emission. However, prevention of NH3 losses during storage can 
increase the ammonium content of the manure and lead to deferred emission of NH3 
when the manure is land applied.
The use of urease inhibitor has been shown to reduce NH3 emissions, while nitrification 
inhibitors can reduce N2O emissions. However, the timing of their use and impact of envi-
ronmental conditions greatly affect their effectiveness and length of inhibition, with use of 
inhibitors only delaying NH3 or N2O emission under some conditions. For example, repeated 
application of urease inhibitor could be needed to prevent urea decomposition and subse-
quent NH3 emissions during prolonged manure storage. As with anaerobic digestion, use 
of nitrification inhibitors could result in greater NH3 emission following land application of 
manure due to greater accumulation of N as ammonium. 
Decreasing storage time effectively reduces CH4 emissions, because little further CH4 
emission occurs after land application of manure. However, the more frequent need for 
soil application can have a variable effect on N2O emission given that soil moisture, tem-
perature and the rate of uptake of ammonium and nitrate by plants strongly influence 
N2O emission rates. Application of manures during prolonged periods with wet soil and 
periods of low plant N uptake are likely to increase N2O emissions. Manure application to 
wet or frozen soils can also have negative implications for water quality by increasing the 
runoff of manure nutrients and pathogens to water bodies (Srinivasan et al., 2006). How-
ever, emissions are generally low from extended outdoor manure storage during winter in 
cool climates. Therefore, a combination of decreased storage times in warm weather and 
extended winter storage is a viable option in many regions.     
In general, the use of cover crops can increase plant N uptake and decrease accumula-
tion of nitrate and reduce N2O production through denitrification. Interactions among soil 
conservation and management practices, however, are complex and may easily shift the 
balance of GHG fluxes. A study from Denmark reported a strong correlation among soil 
conservation practices, cover cropping and tillage (Petersen et al., 2011). These authors 
concluded that reduced tillage may be an N2O mitigation option in rotations with cover 
crops, but that there was inconclusive evidence that the overall balance of N2O emissions 
is positively affected. 
Another example of these interactions is the study by Garland et al. (2011). These 
authors demonstrated that differences in cover crop management had the capacity to 
significantly affect GHG emissions; for example, mowing the cover crop produced larger 
peak emissions (14.1 g N2O-N/ha/day; no-till system) compared with cover crop incorpo-
ration by disking (1.6 g N2O-N/ha/day; conventional tillage system). Thus, cover cropping 
may mitigate GHG, specifically N2O emissions, under some production systems but have 
no effect under others. 
Finally, manure management technologies can interact with each other and their mit-
igation potential has to be evaluated in the context of the whole production system. For 
example, Prapaspongsa et al. (2010a,b) compared 14 pig manure management practices 
based on combinations of thermal pre-treatment, anaerobic digestion, anaerobic co-di-
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gestion, liquid/solid separation, drying, incineration and thermal gasification with respect 
to their energy, nutrient and GHG balances. The anaerobic digestion-based scenario with 
natural crust storage had the highest GWP reduction because of high efficiencies in energy 
and nutrient recovery with restricted emissions of GHG and nitrate. The incineration and 
thermal gasification-based scenarios and the scenario without a treatment system but apply-
ing the deep injection method yielded the greatest reduction in respiratory inorganics and 
terrestrial eutrophication categories because they had the lowest NH3 emissions. Manure 
incineration combined with liquid/solid separation and drying of the solids was a promising 
management option yielding a high potential energy utilization rate and GHG reduction. 
The authors concluded that the choice of manure management technology has a strong 
influence on energy, nutrient and GHG balances and that, in order to obtain reliable results, 
the most representative and up-to-date management technology combined with data rep-
resentative of the specific area or region has to be considered.
In conclusion, it is critical that manure management technologies are examined in the context 
of the whole production system. Most interactions among animal nutrition, stored manure 
handling and land application mitigation practices result from changes in the flow of N and C 
sources throughout the production system. An example of these interactions is the effect of 
dietary tannins on N digestion and excretion (in urine vs faeces) and N2O emissions from soil. 
Another example of interactions related to manure management is between NH3 and N2O 
emissions; if NH3 losses from manure are reduced, there is a chance that N2O emissions may 
increase when manure is applied to soil. On the other hand, however, practices that result in 
increased NH3 emissions will reduce the overall efficiency of the production system, reduce the 
amount of N being recycled on the farm, and increase the demand for N fertilizer. Permeable 
manure storage covers is another example, in which the intended mitigation practice may 
result in a potential increase of the overall GHG emissions. Being an anaerobic process, CH4 
production may decrease during composting of manure, but NH3 and possibly N2O emissions 
may increase. Similarly, anaerobic digesters and nitrification inhibitors could result in greater 
NH3 emissions following land application of manure.
InteractIons among nutrItIon,  
anImal health and ProductIvIty
The interactions among nutrition, animal health, productivity and GHG are very complex 
and difficult to assess. Nutrition affects animal health and productivity, resulting in varying 
CH4 and N2O emissions. At the same time, changes in animal health due to disease or par-
asite challenges translate into metabolic changes such as reduced intake, lower digestibility 
and increased requirements for maintenance energy that in turn increase GHG Ei. 
As discussed by Sykes (1994), the effect of parasites in animal production and health 
depends on the condition of the animal when the parasitic challenges occur. Animals 
with poor nutrition and impaired health tend to be less resistant and exhibit a diminished 
productivity as a result of parasitism compared with animals that are well-nourished and 
in good health. 
Animal health and nutrition can affect CH4 emissions directly by modification of the 
rumen metabolic pathways and indirectly by changing N metabolism and utilization and, 
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as a result, the potential for N2O emission from manure. In addition, animal health and 
nutrition can affect animal productivity, fertility and mortality, which results in increased or 
decreased herd size to maintain production, thus affecting whole-farm CH4 and N2O emis-
sions. Unrealized animal production, due to carcass condemnation because of diseases and 
liquidation of animals as a result of zoonotic diseases, results in GHG emissions, unrelated 
to animal production, that are difficult to quantify. Cases such as foot-and-mouth disease 
and the avian influenza pandemic resulted in the liquidation of millions of animals and the 
emission of GHG during their disposal. 
Improved nutrition and feed management not only result in absolute CH4 and N2O 
emission reductions, but also increase productivity, nutrient use efficiency and animal 
health, which can further reduce the amount of GHG Ei (Gerber et al., 2011). The magni-
tude of the reduction depends on the state of the production systems. Improved nutrition 
and health conditions in livestock systems in, for example, sub-Saharan Africa could result 
in gains in productivity and significant reduction in GHG Ei, while similar gains would be 
difficult to achieve in more intensively managed production systems. Some examples of 
such interactions are provided in the studies on the benefits of interventions to control 
tsetse and trypanosomiasis in sub-Saharan Africa (Shaw et al., 2006) and mastitis control 
in highly intensive dairy production systems (Hospido and Sonnesson, 2005).  
In conclusion, research findings need to be transferred into practice with caution because of the 
greater variability in farm situations than in controlled research. Interactions among individual 
components of livestock production systems are very complex, but must be considered when 
recommending GHG mitigation practices. One practice may successfully mitigate enteric CH4 
emission, but increase fermentable substrate for increased CH4 emission from stored manure 
or N availability for increased N2O emission from land application of manure. Conversely, some 
mitigation practices are synergistic and are expected to decrease both enteric and manure GHG 
emissions (for example, improved animal health and animal productivity).
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Appendix 1
enteric methane  
prediction equations
equatIons develoPed In thIs rePort
CH4, g/day = 2.54 (4.89) + 19.14 (0.43) × DMI, kg/day
where 
CH4 is enteric methane production (SE in parentheses); DMI is dry matter intake.
equations for lactating and non-lactating animals (se in parentheses)
lactating cows: CH4 (GE Mcal/day) = 0.37 (0.37) + 0.0392 (0.0015) GEI (Mcal/day) + 
0.0189 (0.0077) NDF (percent) – 0.156 (0.034) EE (percent) + 0.0014 (0.0003) BW (kg)
dry cows: CH4 (GE Mcal/day) = 0.45 (0.13) + 0.0503 (0.0014) GEI (Mcal/day) – 0.0556 
(0.015) EE (percent) + 0.0008 (0.0002) BW (kg)
heifers and steers: CH4 (GE Mcal/day) = – 0.056 (0.122) + 0.0447 (0.0028) GEI 
(Mcal/day) + 0.0039 (0.0018) NDF (percent) – 0.033 (0.019) EE (percent) + 0.00141 
(0.00014) BW (kg)
where
Enteric CH4 is expressed as CH4 GE, Mcal/day; GEI is gross energy intake, Mcal/day; NDF 
is neutral-detergent fibre, percent in the diet, DM basis; EE is ether extract, percent 
in the diet, DM basis; BW is body weight, kg.
equatIons referenced In thIs rePort 
equation from giger-reverdin and sauvant (2000)
CH4 energy as percent of GEI = – 10.5 + 0.192DEI/GEI – 0.0567EE + 0.00651St + 
0.00647CP + 0.0111NDF 
where
DE, digestible energy; EE, St, CP, and NDF are ether extract, starch, crude protein, and 
neutral-detergent fibre, g/kg dietary DM.
equation from yan et al. (2000)
CH4 energy (MJ/day) = DEI, MJ/day × (0.094 + 0.028 × silageADFintake/totalADFintake) 
– 2.453 × (level of intake above maintenance) 
CH4 energy (MJ/day) = DEI, MJ/day × (0.096 + 0.035 × silageDMI/totalDMI) – 2.298 × (level 
of intake above maintenance)
where
DEI is digestible energy intake; ADF is acid-detergent fibre; DMI is dry matter intake.
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equation from sauvant and giger-reverdin (2009)
Ym = 10.8 – 2.99 × LI + 0.40 × LI2 + 7.23 × CPr – 8.71 × CPr2 – 0.98 × CPr × LI 
where
Ym is CH4 energy as a percent of gross energy intake; LI is level of intake as percent of 
body weight; CPr is the proportion of concentrate in the diet.
equations from ramin and huhtanen (2013)
Equation for predicting the Ym factor (SE in parentheses) 
CH4-GE (kJ/MJ) = 1.5 (13.7) – 0.70 (0.072) × DMIBW + 0.073 (0.0134) × OMDm –  0.13 
(0.02) × EE) + 0.048 (0.0099) × NDF + 0.045 (0.0096) × NFC (adjusted root mean 
square error, RMSE, 3.18 kJ/MJ; CV = 5.54 percent) 
where
DMIBW is DMI/BW (g/kg), OMDm is OM digestibility at maintenance level of intake (g/
kg), and EE, NDF and NFC are concentrations (g/kg DM) of ether extract, NDF and 
non-fibre carbohydrates, respectively.
Equation for predicting total CH4 production (SE in parentheses) 
CH4 (L/day) = 64 (35.0) + 26.0 (1.02) × DMI – 0.61 (0.132) × DMI2 (centred) + 0.25 (0.051) 
× OMDm – 66.4 (8.22) × EE intake – 45.0 (23.5) × [NFC/(NDF+NDF)] (adjusted RMSE 
of 21.1 L/day) 
where
DMI is in kg/day, DMI2 is centred to mean DMI of 12.6 kg/d, EE intake (kg/d); OMDm, 
NDF, and NFC are as defined above.
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Appendix 2
mitigation options  
summary table
•	 table a1 Feed additives and feeding strategies offering non-CO2 greenhouse gas 
mitigation opportunities
•	 table a2 Manure handling strategies offering non-CO2 greenhouse gas mitiga-
tion opportunities
•	 table a3 Animal management strategies offering non-CO2 greenhouse gas miti-
gation opportunities
•	 table a4 Reproductive management strategies offering non-CO2 greenhouse gas 
mitigation opportunities
•	 table a5 Examples of interactions among non-CO2 greenhouse gas mitigation 
practices
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A
,A
F,
A
S
Pl
an
t 
b
io
ac
ti
ve
 c
o
m
p
o
u
n
d
s1
3
Ta
n
n
in
s1
4  
(c
o
n
d
en
se
d
)
lo
w
N
o
?
Y
es
Y
es
Y
es
?
A
ll
Sa
p
o
n
in
s
lo
w
?
N
o
?
Y
es
N
o
?
N
/A
es
se
n
ti
al
 o
ils
lo
w
?
N
o
?
Y
es
N
o
N
/A
ex
o
g
en
o
u
s 
en
zy
m
es
N
o
 e
ff
ec
t 
to
 l
o
w
N
o
N
o
?
Y
es
?
N
o
?
N
/A
d
ef
au
n
at
io
n
l o
w
N
o
?
Y
es
N
o
N
/A
m
an
ip
u
la
ti
o
n
 o
f 
ru
m
en
 
ar
ch
ae
a 
an
d
 b
ac
te
ri
a
lo
w
N
o
?
Y
es
?
Y
es
?1
5
N
A
,e
U
,O
C
d
ie
ta
ry
 li
p
id
s
M
ed
iu
m
N
o
?
Y
es
Y
es
Y
es
?1
6
A
ll
c
o
n
ce
n
tr
at
e 
in
cl
u
si
o
n
17
lo
w
 t
o
 M
ed
iu
m
Y
es
Y
es
Y
es
Y
es
?1
8
A
ll
im
p
ro
vi
n
g
 f
o
ra
g
e 
q
u
al
it
y 
an
d
 m
an
ag
em
en
t
lo
w
 t
o
 M
ed
iu
m
 
Y
es
Y
es
Y
es
Y
es
A
ll
g
ra
zi
n
g
 m
an
ag
em
en
t
lo
w
Y
es
Y
es
?
Y
es
Y
es
?1
9
A
ll
fe
ed
 p
ro
ce
ss
in
g
lo
w
Y
es
Y
es
20
Y
es
20
Y
es
20
A
ll
m
ix
ed
 r
at
io
n
s 
an
d
  
fe
ed
in
g
 f
re
q
u
en
cy
? 
21
? 
21
? 
21
Y
es
?2
1
A
ll
Pr
o
ce
ss
in
g
 o
f 
lo
w
-q
u
al
it
y 
fe
ed
s
R
ed
u
ci
n
g
 h
er
d
 s
iz
e
H
ig
h
Y
es
Y
es
Y
es
Y
es
A
ll,
 b
u
t 
m
o
st
ly
 A
F,
 A
S,
 S
A
M
ac
ro
-s
u
p
p
le
m
en
ta
ti
o
n
 
(w
h
en
 d
ef
ic
ie
n
t)
 
M
ed
iu
m
Y
es
Y
es
Y
es
Y
es
A
ll,
 b
u
t 
m
o
st
ly
 A
F,
 A
S,
 S
A
M
ic
ro
-s
u
p
p
le
m
en
ta
ti
o
n
 
(w
h
en
 d
ef
ic
ie
n
t)
N
/A
N
o
Y
es
?
Y
es
Y
es
M
ic
ro
-s
u
p
p
le
m
en
ta
ti
o
n
 
(w
h
en
 d
ef
ic
ie
n
t)
N
/A
N
o
Y
es
?
Y
es
Y
es
(C
on
t.
)
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TA
b
le
 A
1 
(C
on
t.
)
fe
ed
 a
d
d
it
iv
es
 a
n
d
 f
ee
d
in
g
 s
tr
at
eg
ie
s 
o
ff
er
in
g
 n
o
n
-c
o
2 
g
re
en
h
o
u
se
 g
as
 m
it
ig
at
io
n
 o
p
p
o
rt
u
n
it
ie
s
c
at
eg
o
ry
1
Po
te
n
ti
al
 c
h
4 
m
it
ig
at
in
g
 e
ff
ec
t2
lo
n
g
-t
er
m
 e
ff
ec
t 
es
ta
b
lis
h
ed
ef
fe
ct
iv
e3
 
en
vi
ro
n
m
en
ta
lly
 s
af
e 
o
r 
sa
fe
 t
o
 t
h
e 
an
im
al
4
r
ec
o
m
m
en
d
ed
5
a
p
p
lic
ab
ili
ty
 t
o
 
re
g
io
n
6
A
lk
al
in
e 
tr
ea
tm
en
t
lo
w
Y
es
Y
es
?
?
A
F,
 A
S,
 S
A
b
io
lo
g
ic
al
 t
re
at
m
en
t
?
Y
es
N
o
Y
es
N
o
b
re
ed
in
g
 f
o
r 
st
ra
w
 q
u
al
it
y
lo
w
Y
es
Y
es
Y
es
Y
es
A
F,
 A
S,
 S
A
Pr
ec
is
io
n
 f
ee
d
in
g
 a
n
d
 f
ee
d
 
an
al
ys
es
lo
w
 t
o
 M
ed
iu
m
Y
es
Y
es
?
Y
es
Y
es
22
A
ll
?:
 in
d
ic
at
es
 u
n
ce
rt
ai
n
ty
 d
u
e 
to
 li
m
it
ed
 r
es
ea
rc
h
 o
r 
la
ck
 o
f 
d
at
a,
 in
co
n
si
st
en
t/
va
ri
ab
le
 r
es
u
lt
s,
 o
r 
la
ck
/in
su
ff
ic
ie
n
t 
d
at
a 
o
n
 p
er
si
st
en
cy
 o
f 
th
e 
ef
fe
ct
.
N
/A
: n
o
t 
ap
p
lic
ab
le
.
1 
M
it
ig
at
io
n
 s
tr
at
eg
ie
s 
in
 t
h
is
 t
ab
le
 a
re
 a
p
p
lic
ab
le
 t
o
 a
ll 
ru
m
in
an
ts
. 
2 
H
ig
h
 =
 ≥
 3
0 
p
er
ce
n
t 
m
it
ig
at
in
g
 e
ff
ec
t;
 M
ed
iu
m
 =
 1
0 
to
 3
0 
p
er
ce
n
t 
m
it
ig
at
in
g
 e
ff
ec
t;
 l
o
w
 =
 ≤
 1
0 
p
er
ce
n
t 
m
it
ig
at
in
g
 e
ff
ec
t.
 M
it
ig
at
in
g
 e
ff
ec
ts
 r
ef
er
 t
o
 p
er
ce
n
t 
ch
an
g
e 
o
ve
r 
a 
“s
ta
n
d
ar
d
 
p
ra
ct
ic
e”
, i
.e
. s
tu
d
y 
co
n
tr
o
l t
h
at
 w
as
 u
se
d
 f
o
r 
co
m
p
ar
is
o
n
 a
n
d
 a
re
 b
as
ed
 o
n
 c
o
m
b
in
at
io
n
 o
f 
st
u
d
y 
d
at
a 
an
d
 ju
d
g
em
en
t 
b
y 
th
e 
au
th
o
rs
 o
f 
th
is
 d
o
cu
m
en
t.
 
3 
ef
fe
ct
iv
en
es
s 
is
 d
et
er
m
in
ed
 o
n
 t
h
e 
b
as
is
 o
f:
 G
H
G
 m
it
ig
at
io
n
 p
o
te
n
ti
al
, e
ff
ec
t 
o
n
 f
ee
d
 in
ta
ke
 (
n
o
 n
eg
at
iv
e 
ef
fe
ct
 is
 b
en
ef
ic
ia
l)
, a
n
d
/o
r 
ef
fe
ct
 o
n
 a
n
im
al
 p
ro
d
u
ct
iv
it
y 
(n
o
 n
eg
at
iv
e 
ef
fe
ct
 
o
r 
im
p
ro
ve
m
en
t 
is
 b
en
ef
ic
ia
l)
.
4 
b
as
ed
 o
n
 e
PA
 d
at
a,
 M
SD
S,
 o
r 
ex
p
er
t 
o
p
in
io
n
. 
5 
b
as
ed
 o
n
 a
va
ila
b
le
 r
es
ea
rc
h
 o
r 
la
ck
 o
f 
su
ff
ic
ie
n
t 
re
se
ar
ch
. 
6 
R
eg
io
n
s:
 A
ll 
=
 a
ll 
re
g
io
n
s;
 e
U
 =
 e
u
ro
p
e,
 A
S 
=
 A
si
a,
 A
F 
=
 A
fr
ic
a,
 N
A
 =
 N
o
rt
h
 A
m
er
ic
a;
 S
A
 =
 S
o
u
th
 A
m
er
ic
a;
 O
C
 =
 O
ce
an
ia
.
7 
b
ro
m
o
ch
lo
ro
m
et
h
an
e 
an
d
 2
-b
ro
m
o
-e
th
an
e 
su
lf
o
n
at
e.
 
8 
C
la
ss
 I 
o
zo
n
e-
d
ep
le
ti
n
g
 s
u
b
st
an
ce
 (
h
tt
p
://
w
w
w
.e
p
a.
g
o
v/
o
zo
n
e/
sc
ie
n
ce
/o
d
s/
cl
as
so
n
e.
h
tm
l)
. 
9 
Fu
m
ar
ic
 a
n
d
 m
al
ic
 a
ci
d
s.
 
10
 P
ra
ct
ic
al
it
y 
o
f 
u
se
 is
 u
n
kn
o
w
n
. C
au
ti
o
n
 m
u
st
 b
e 
ex
er
ci
se
d
 w
h
en
 f
ee
d
in
g
 n
it
ra
te
. A
n
im
al
 s
h
o
u
ld
 b
e 
p
ro
p
er
ly
 a
d
ap
te
d
 a
n
d
 r
e-
ad
ap
te
d
, i
f 
n
it
ra
te
 s
u
p
p
le
m
en
ta
ti
o
n
 is
 d
is
co
n
ti
n
u
ed
 f
o
r 
a 
p
er
io
d
 o
f 
ti
m
e.
 A
cc
es
s 
to
 m
o
la
ss
es
 b
lo
ck
s 
w
it
h
 n
it
ra
te
 s
h
o
u
ld
 b
e 
lim
it
ed
 s
o
 t
h
at
 n
it
ra
te
 in
ta
ke
 d
o
es
 n
o
t 
p
o
is
o
n
 t
h
e 
an
im
al
. U
n
w
is
e 
to
 u
se
 w
h
en
 d
ie
ts
 h
av
e 
h
ig
h
 N
 c
o
n
ce
n
tr
at
io
n
s.
11
 M
o
st
 d
at
a 
ar
e 
fo
r 
m
o
n
en
si
n
. M
o
n
en
si
n
 d
o
es
 n
o
t 
ap
p
ea
r 
to
 h
av
e 
a 
co
n
si
st
en
t 
d
ir
ec
t 
ef
fe
ct
 o
n
 e
n
te
ri
c 
C
H
4 
p
ro
d
u
ct
io
n
 in
 d
ai
ry
 o
r 
b
ee
f 
ca
tt
le
. M
et
a-
an
al
ys
es
 h
av
e 
sh
o
w
n
 im
p
ro
ve
m
en
t 
in
 f
ee
d
 e
ff
ic
ie
n
cy
 in
 b
ee
f 
ca
tt
le
 (
G
o
o
d
ri
ch
 e
t 
al
., 
19
84
) 
an
d
 d
ai
ry
 c
o
w
s 
(D
u
ff
ie
ld
 e
t 
al
., 
20
08
) 
th
at
 m
ay
 r
ed
u
ce
 e
n
te
ri
c 
C
H
4 
em
is
si
o
n
s 
p
er
 u
n
it
 o
f 
p
ro
d
u
ct
 (
m
ea
t 
o
r 
m
ilk
).
 O
n
 t
h
is
 b
as
is
, t
h
e 
o
ve
ra
ll 
co
n
cl
u
si
o
n
 is
 t
h
at
 io
n
o
p
h
o
re
s 
lik
el
y 
h
av
e 
a 
C
H
4 
m
it
ig
at
in
g
 e
ff
ec
t 
in
 r
u
m
in
an
ts
 o
f 
u
p
 t
o
 5
 p
er
ce
n
t.
 
12
 T
h
ro
u
g
h
 im
p
ro
ve
m
en
t 
in
 f
ee
d
 e
ff
ic
ie
n
cy
, e
sp
ec
ia
lly
 w
h
en
 d
ie
ts
 c
o
n
ta
in
 c
o
n
ce
n
tr
at
es
; n
o
 e
ff
ec
t 
w
h
en
 p
as
tu
re
 is
 f
ed
 a
s 
a 
so
le
 d
ie
t.
13
 S
ee
 t
ex
t 
fo
r 
ex
te
n
si
ve
 d
is
cu
ss
io
n
 o
n
 t
h
es
e 
su
p
p
le
m
en
ts
. T
an
n
in
s 
ap
p
ea
r 
m
o
re
 e
ff
ec
ti
ve
 t
h
an
 s
ap
o
n
in
s.
 R
es
u
lt
s 
w
it
h
 t
ea
 s
am
p
o
n
in
s 
ar
e 
en
co
u
ra
g
in
g
 b
u
t 
m
u
st
 b
e 
co
n
fi
rm
ed
 a
n
d
 d
at
a 
fo
r 
p
er
si
st
en
ce
 o
f 
th
e 
ef
fe
ct
 a
re
 la
ck
in
g
. 
14
 D
et
ri
m
en
ta
l e
ff
ec
ts
 w
h
en
 d
ie
ta
ry
 C
P 
is
 m
ar
g
in
al
 o
r 
in
ad
eq
u
at
e 
o
r 
w
h
en
 c
o
n
d
en
se
d
 t
an
n
in
s 
ar
e 
as
tr
in
g
en
t 
an
d
 in
 h
ig
h
 c
o
n
ce
n
tr
at
io
n
s,
 b
u
t 
w
it
h
 a
d
eq
u
at
e 
d
ie
ta
ry
 C
P 
so
m
e 
co
n
d
en
se
d
 
ta
n
n
in
s 
ca
n
 h
av
e 
w
id
e 
ra
n
g
in
g
 b
en
ef
it
s.
15
 P
ro
m
is
in
g
, b
u
t 
th
e 
te
ch
n
o
lo
g
y 
is
 n
o
t 
ye
t 
d
ev
el
o
p
ed
 o
r 
co
m
m
er
ci
al
ly
 a
va
ila
b
le
.
16
 l
ip
id
s 
ar
e 
g
en
er
al
ly
 e
ff
ec
ti
ve
 in
 r
ed
u
ci
n
g
 e
n
te
ri
c 
C
H
4 
p
ro
d
u
ct
io
n
. T
h
ey
 a
re
 r
ec
o
m
m
en
d
ed
, w
h
en
 t
h
ei
r 
u
se
 is
 e
co
n
o
m
ic
al
ly
 f
ea
si
b
le
 (
h
ig
h
-o
il 
b
y-
p
ro
d
u
ct
s 
o
f 
th
e 
b
io
fu
el
 in
d
u
st
ri
es
, 
fo
r 
ex
am
p
le
).
 T
h
ei
r 
p
o
te
n
ti
al
 n
eg
at
iv
e 
ef
fe
ct
 o
n
 f
ee
d
 in
ta
ke
, f
ib
re
 d
ig
es
ti
b
ili
ty
, r
u
m
en
 f
u
n
ct
io
n
, m
ilk
 f
at
 c
o
n
te
n
t 
an
d
 o
ve
ra
ll 
an
im
al
 p
ro
d
u
ct
iv
it
y 
m
u
st
 b
e 
co
n
si
d
er
ed
. M
ax
im
u
m
 
re
co
m
m
en
d
ed
 in
cl
u
si
o
n
 r
at
e 
in
 r
u
m
in
an
t 
d
ie
ts
 is
 6
 t
o
 7
 p
er
ce
n
t 
(t
o
ta
l f
at
) 
o
f 
d
ie
ta
ry
 D
M
. W
it
h
 t
h
e 
la
ck
 o
f 
in
ce
n
ti
ve
 m
ec
h
an
is
m
s 
to
 r
ed
u
ce
 e
n
te
ri
c 
C
H
4 
em
is
si
o
n
s,
 t
h
e 
ec
o
n
o
m
ic
 f
ea
si
b
ili
ty
 
o
f 
su
p
p
le
m
en
ti
n
g
 d
ie
ts
 w
it
h
 e
d
ib
le
 li
p
id
s 
is
 q
u
es
ti
o
n
ab
le
. 
17
 H
ig
h
er
 r
at
es
 o
f 
co
n
ce
n
tr
at
e 
in
cl
u
si
o
n
 m
ay
 d
ec
re
as
e 
in
ta
ke
, b
u
t 
p
ro
d
u
ct
io
n
 is
 u
su
al
ly
 in
cr
ea
se
d
. N
eg
at
iv
e 
ef
fe
ct
s 
o
n
 f
ib
re
 d
eg
ra
d
ab
ili
ty
 a
n
d
 m
ilk
 c
o
m
p
o
si
ti
o
n
 (
in
 d
ai
ry
 c
o
w
s)
 m
u
st
 b
e 
av
o
id
ed
. 
18
 A
lt
h
o
u
g
h
 r
ec
o
m
m
en
d
ed
 (
d
ir
ec
t 
re
d
u
ct
io
n
 in
 e
n
te
ri
c 
C
H
4 
em
is
si
o
n
 o
r 
in
d
ir
ec
t,
 t
h
ro
u
g
h
 in
cr
ea
se
d
 a
n
im
al
 p
ro
d
u
ct
io
n
),
 t
h
e 
ap
p
lic
ab
ili
ty
 o
f 
th
is
 m
it
ig
at
io
n
 p
ra
ct
ic
e 
w
ill
 h
ea
vi
ly
 d
ep
en
d
 o
n
 
fe
ed
 a
va
ila
b
ili
ty
. S
ee
 t
ex
t 
fo
r 
fu
rt
h
er
 d
is
cu
ss
io
n
.
19
 N
o
t 
ve
ry
 c
o
n
si
st
en
t 
re
su
lt
s,
 b
u
t 
re
co
m
m
en
d
ed
 o
n
 t
h
e 
b
as
e 
th
at
 im
p
ro
vi
n
g
 p
as
tu
re
 q
u
al
it
y 
sh
o
u
ld
 r
ed
u
ce
 C
H
4 
em
is
si
o
n
s 
p
er
 u
n
it
 o
f 
fe
ed
 in
ta
ke
 a
n
d
 a
n
im
al
 p
ro
d
u
ct
. 
20
 C
o
n
d
it
io
n
al
ly
 e
ff
ec
ti
ve
 (
if
 f
ib
re
 d
eg
ra
d
ab
ili
ty
 is
 n
o
t 
d
ec
re
as
ed
),
 s
af
e 
to
 t
h
e 
en
vi
ro
n
m
en
t 
(e
n
er
g
y 
in
p
u
t 
m
ay
 c
o
u
n
te
ra
ct
 G
H
G
 m
it
ig
at
in
g
 e
ff
ec
t;
 h
as
 t
o
 b
e 
d
et
er
m
in
ed
 u
si
n
g
 l
C
A
),
 a
n
d
 
re
co
m
m
en
d
ed
 (
if
 e
co
n
o
m
ic
al
ly
 f
ea
si
b
le
 a
n
d
 d
o
es
 n
o
t 
je
o
p
ar
d
iz
e 
fi
b
re
 d
ig
es
ti
b
ili
ty
).
 
21
 In
su
ff
ic
ie
n
t 
d
at
a.
 
22
 e
ve
n
 if
 d
ir
ec
t 
C
H
4 
m
it
ig
at
io
n
 e
ff
ec
t 
is
 u
n
ce
rt
ai
n
, p
re
ci
si
o
n
/b
al
an
ce
d
 f
ee
d
in
g
 a
n
d
 a
cc
u
ra
te
 f
ee
d
 a
n
al
ys
es
 w
ill
 li
ke
ly
 e
n
h
an
ce
 a
n
im
al
 p
ro
d
u
ct
iv
it
y 
an
d
 f
ee
d
 e
ff
ic
ie
n
cy
 a
n
d
 im
p
ro
ve
 f
ar
m
 
p
ro
fi
ta
b
ili
ty
 (
th
u
s 
h
av
e 
an
 in
d
ir
ec
t 
m
it
ig
at
in
g
 e
ff
ec
t 
o
n
 e
n
te
ri
c 
an
d
 m
an
u
re
 C
H
4 
an
d
 N
2O
 e
m
is
si
o
n
s)
.
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TA
b
le
 A
2
m
an
u
re
 h
an
d
lin
g
 s
tr
at
eg
ie
s 
o
ff
er
in
g
 n
o
n
-c
o
2 
g
re
en
h
o
u
se
 g
as
 m
it
ig
at
io
n
 o
p
p
o
rt
u
n
it
ie
s 
c
at
eg
o
ry
sp
ec
ie
s1
Po
te
n
ti
al
 c
h
4 
m
it
ig
at
in
g
 e
ff
ec
t2
  
Po
te
n
ti
al
 n
2o
 
m
it
ig
at
in
g
 e
ff
ec
t2
 
Po
te
n
ti
al
 n
h
3 
m
it
ig
at
in
g
 e
ff
ec
t2
  
ef
fe
ct
iv
e3
r
ec
o
m
m
en
d
ed
4
a
p
p
lic
ab
ili
ty
 t
o
 
re
g
io
n
5
d
ie
ta
ry
 m
an
ip
u
la
ti
o
n
 a
n
d
 n
u
tr
ie
n
t 
b
al
an
ce
R
ed
u
ce
d
  
d
ie
ta
ry
 p
ro
te
in
  
A
S
?6
M
ed
iu
m
H
ig
h
Y
es
 (
N
2O
, N
H
3)
Y
es
 (
N
2O
, N
H
3)
A
ll
H
ig
h
 f
ib
re
 d
ie
ts
SW
lo
w
H
ig
h
?
Y
es
 (
N
2O
)
Y
es
 (
N
2O
)
A
ll
G
ra
zi
n
g
 m
an
ag
em
en
t
G
ra
zi
n
g
 in
te
n
si
ty
7
A
R
?
H
ig
h
?7
?7
Y
es
 (
N
2O
)
Y
es
 (
N
2O
)
A
ll
h
o
u
si
n
g
b
io
fi
lt
ra
ti
o
n
A
S
lo
w
?
?
H
ig
h
Y
es
 (
N
H
3,
 
C
H
4?
)
Y
es
 (
N
H
3,
 C
H
4?
)
A
ll
M
an
u
re
 s
ys
te
m
8
D
C
, b
C
, S
W
H
ig
h
?
H
ig
h
Y
es
 (
C
H
4,
 N
H
3)
Y
es
 (
C
H
4,
 N
H
3)
A
ll
m
an
u
re
 t
re
at
m
en
t
A
n
ae
ro
b
ic
 d
ig
es
ti
o
n
 
D
C
, b
C
, S
W
H
ig
h
H
ig
h
9
In
cr
ea
se
?1
0
Y
es
 (
C
H
4,
 N
2O
)
Y
es
 (
C
H
4,
 N
2O
)
A
ll
So
lid
s 
se
p
ar
at
io
n
D
C
, b
C
H
ig
h
lo
w
?9
?1
1
Y
es
 (
C
H
4)
Y
es
 (
C
H
4)
N
A
,S
A
,e
U
, O
C
A
er
at
io
n
 
D
C
, b
C
H
ig
h
In
cr
ea
se
?1
2
?1
2
Y
es
 (
C
H
4)
Y
es
 (
C
H
4)
N
A
,S
A
,e
U
M
an
u
re
 a
ci
d
if
ic
at
io
n
D
C
, b
C
, S
W
H
ig
h
?1
3
H
ig
h
13
Y
es
 (
C
H
4,
 N
H
3)
Y
es
 (
C
H
4,
 N
H
3)
N
A
,e
U
,O
C
m
an
u
re
 s
to
ra
g
e
D
ec
re
as
ed
 s
to
ra
g
e 
ti
m
e
D
C
, b
C
, S
W
H
ig
h
14
H
ig
h
14
H
ig
h
14
Y
es
 (
al
l)
Y
es
 (
al
l)
A
ll
St
o
ra
g
e 
co
ve
r 
w
it
h
 s
tr
aw
 
D
C
, b
C
, S
W
H
ig
h
In
cr
ea
se
?1
5
H
ig
h
Y
es
 (
C
H
4,
 N
H
3)
Y
es
 (
C
H
4)
N
A
,e
U
N
at
u
ra
l o
r 
in
d
u
ce
d
 c
ru
st
D
C
, b
C
H
ig
h
In
cr
ea
se
?1
5
H
ig
h
Y
es
 (
C
H
4,
 N
H
3)
Y
es
 (
C
H
4)
N
A
,e
U
A
er
at
io
n
 d
u
ri
n
g
  
liq
u
id
 m
an
u
re
 s
to
ra
g
e
D
C
, b
C
, S
W
M
ed
iu
m
 t
o
 H
ig
h
In
cr
ea
se
?1
2
?1
2
Y
es
 (
C
H
4)
Y
es
 (
C
H
4)
N
A
,e
U
C
o
m
p
o
st
in
g
D
C
, b
C
, S
W
H
ig
h
?1
2
In
cr
ea
se
12
Y
es
 (
C
H
4)
Y
es
 (
C
H
4)
A
ll
li
tt
er
 s
ta
ck
in
g
PO
M
ed
iu
m
N
/A
?
Y
es
 (
C
H
4)
Y
es
 (
C
H
4)
A
ll
St
o
ra
g
e 
te
m
p
er
at
u
re
D
C
, b
C
H
ig
h
?
H
ig
h
Y
es
 (
C
H
4,
 N
H
3)
Y
es
 (
C
H
4,
 N
H
3)
N
/A
16
m
an
u
re
 a
p
p
lic
at
io
n
 
M
an
u
re
 in
je
ct
io
n
 v
s 
su
rf
ac
e 
ap
p
lic
at
io
n
D
C
, b
C
, S
W
N
o
 e
ff
ec
t 
to
 
in
cr
ea
se
?
N
o
 e
ff
ec
t 
to
 
in
cr
ea
se
18
H
ig
h
Y
es
 (
N
H
3)
Y
es
 (
N
H
3)
N
A
,e
U
,O
C
Ti
m
in
g
 o
f 
ap
p
lic
at
io
n
A
S
lo
w
H
ig
h
19
H
ig
h
Y
es
 (
N
2O
, N
H
3)
Y
es
 (
N
2O
, N
H
3)
A
ll
So
il 
co
ve
r,
 c
o
ve
r 
cr
o
p
p
in
g
A
S
?
N
o
 e
ff
ec
t 
to
 H
ig
h
20
In
cr
ea
se
?2
1
Y
es
 (
N
2O
?)
Y
es
 (
N
2O
?)
A
ll
So
il 
n
u
tr
ie
n
t 
b
al
an
ce
A
S
N
/A
H
ig
h
H
ig
h
Y
es
 (
N
2O
, N
H
3)
Y
es
 (
N
2O
, N
H
3)
A
ll
n
it
ri
fi
ca
ti
o
n
 in
h
ib
it
o
r2
2
A
p
p
lie
d
 t
o
 m
an
u
re
 o
r 
af
te
r 
u
ri
n
e 
d
ep
o
si
ti
o
n
 in
 p
as
tu
re
s
D
C
, b
C
, S
H
N
/A
H
ig
h
N
/A
Y
es
 (
N
2O
)
Y
es
 (
N
2O
)?
A
ll2
3
(C
on
t.
)
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TA
b
le
 A
2
m
an
u
re
 h
an
d
lin
g
 s
tr
at
eg
ie
s 
o
ff
er
in
g
 n
o
n
-c
o
2 
g
re
en
h
o
u
se
 g
as
 m
it
ig
at
io
n
 o
p
p
o
rt
u
n
it
ie
s 
(C
on
t.
) 
c
at
eg
o
ry
sp
ec
ie
s1
Po
te
n
ti
al
 c
h
4 
m
it
ig
at
in
g
 e
ff
ec
t2
  
Po
te
n
ti
al
 n
2o
 
m
it
ig
at
in
g
 e
ff
ec
t2
 
Po
te
n
ti
al
 n
h
3 
m
it
ig
at
in
g
 e
ff
ec
t2
  
ef
fe
ct
iv
e3
r
ec
o
m
m
en
d
ed
4
a
p
p
lic
ab
ili
ty
 t
o
 
re
g
io
n
5
u
re
as
e 
in
h
ib
it
o
r2
4
A
p
p
lie
d
 w
it
h
 o
r 
 
b
ef
o
re
 u
ri
n
e
D
C
,b
C
, S
H
N
/A
M
ed
iu
m
?
H
ig
h
Y
es
 (
N
2O
, 
N
H
3)
24
Y
es
 (
N
2O
, N
H
3)
?
N
A
,e
U
,O
C
so
il 
m
an
ag
em
en
t
So
il 
co
n
d
it
io
n
, t
ex
tu
re
, 
w
at
er
 f
ill
ed
 p
o
re
 s
p
ac
e,
 
d
ra
in
ag
e 
A
R
?
D
ec
re
as
e 
o
r 
In
cr
ea
se
25
?
Y
es
 (
N
2O
)?
Y
es
 (
N
2O
)?
A
ll
?:
 in
d
ic
at
es
 u
n
ce
rt
ai
n
ty
 d
u
e 
to
 li
m
it
ed
 r
es
ea
rc
h
 o
r 
la
ck
 o
f 
d
at
a,
 in
co
n
si
st
en
t/
va
ri
ab
le
 r
es
u
lt
s,
 o
r 
la
ck
/in
su
ff
ic
ie
n
t 
d
at
a 
o
n
 p
er
si
st
en
cy
 o
f 
th
e 
ef
fe
ct
.
N
/A
: n
o
t 
ap
p
lic
ab
le
. 
1 
D
C
 =
 d
ai
ry
 c
at
tl
e;
 b
C
 =
 b
ee
f 
ca
tt
le
 (
ca
tt
le
 in
cl
u
d
e 
b
o
s 
ta
u
ru
s 
an
d
 b
o
s 
in
d
ic
u
s)
; S
H
 =
 s
h
ee
p
; G
O
 =
 g
o
at
s;
 A
R
 =
 a
ll 
ru
m
in
an
ts
; S
W
 =
 s
w
in
e;
 P
O
 =
 p
o
u
lt
ry
; A
S 
=
 a
ll 
sp
ec
ie
s.
 
2 
H
ig
h
 =
 ≥
 3
0 
p
er
ce
n
t 
m
it
ig
at
in
g
 e
ff
ec
t;
 M
ed
iu
m
 =
 1
0 
to
 3
0 
p
er
ce
n
t 
m
it
ig
at
in
g
 e
ff
ec
t;
 l
o
w
 =
 ≤
 1
0 
p
er
ce
n
t 
m
it
ig
at
in
g
 e
ff
ec
t.
 M
it
ig
at
in
g
 e
ff
ec
ts
 r
ef
er
 t
o
 p
er
ce
n
t 
ch
an
g
e 
o
ve
r 
a 
“s
ta
n
d
ar
d
 
p
ra
ct
ic
e”
, i
.e
. s
tu
d
y 
co
n
tr
o
l t
h
at
 w
as
 u
se
d
 f
o
r 
co
m
p
ar
is
o
n
 a
n
d
 a
re
 b
as
ed
 o
n
 c
o
m
b
in
at
io
n
 o
f 
st
u
d
y 
d
at
a 
an
d
 ju
d
g
em
en
t 
b
y 
th
e 
au
th
o
rs
 o
f 
th
is
 d
o
cu
m
en
t.
 
3 
ef
fe
ct
iv
en
es
s 
is
 d
et
er
m
in
ed
 o
n
 t
h
e 
b
as
is
 o
f:
 G
H
G
 o
r 
N
H
3 
m
it
ig
at
io
n
 p
o
te
n
ti
al
 (
in
 s
o
m
e 
ca
se
s,
 e
ff
ec
ts
 o
n
 f
ee
d
 in
ta
ke
 a
n
d
/o
r 
an
im
al
 p
ro
d
u
ct
iv
it
y 
w
er
e 
al
so
 c
o
n
si
d
er
ed
).
4 
b
as
ed
 o
n
 a
va
ila
b
le
 r
es
ea
rc
h
 o
r 
la
ck
 o
f 
su
ff
ic
ie
n
t 
re
se
ar
ch
. 
5 
R
eg
io
n
s:
 A
ll 
=
 a
ll 
re
g
io
n
s;
 e
U
 =
 e
u
ro
p
e,
 A
S 
=
 A
si
a,
 A
F 
=
 A
fr
ic
a,
 N
A
 =
 N
o
rt
h
 A
m
er
ic
a;
 S
A
 =
 S
o
u
th
 A
m
er
ic
a;
 O
C
 =
 O
ce
an
ia
.
6 
In
su
ff
ic
ie
n
t 
re
se
ar
ch
. M
o
d
el
lin
g
 s
u
g
g
es
ts
 t
h
at
 e
n
te
ri
c 
C
H
4 
m
ay
 in
cr
ea
se
. I
f 
ru
m
en
 f
u
n
ct
io
n
 is
 im
p
ai
re
d
, m
an
u
re
 C
H
4 
em
is
si
o
n
s 
m
ay
 in
cr
ea
se
. 
7 
R
ed
u
ce
d
 g
ra
zi
n
g
 in
te
n
si
ty
 c
an
 r
ed
u
ce
 u
p
 t
o
 5
0 
p
er
ce
n
t 
N
2O
 e
m
is
si
o
n
s 
b
y 
lo
w
er
in
g
 u
ri
n
ar
y 
N
 in
p
u
t 
to
 t
h
e 
so
il,
 b
u
t 
ca
n
 a
ls
o
 in
cr
ea
se
 N
2O
 e
m
is
si
o
n
s 
b
y 
in
cr
ea
si
n
g
 r
es
id
u
al
 O
M
 d
u
ri
n
g
 
so
il 
fr
ee
ze
 t
h
aw
 c
yc
le
s.
 A
m
m
o
n
ia
 e
m
is
si
o
n
s 
m
ay
 in
cr
ea
se
, m
ag
n
it
u
d
e 
is
 u
n
cl
ea
r. 
ef
fe
ct
iv
en
es
s 
va
ri
es
 w
it
h
 r
eg
io
n
. G
ra
zi
n
g
 m
an
ag
em
en
t 
ca
n
 b
e 
p
ra
ct
is
ed
 in
 W
es
te
rn
 c
o
u
n
tr
ie
s,
 O
ce
an
ia
, 
eu
ro
p
e 
an
d
 p
ar
ts
 o
f 
ce
n
tr
al
 a
n
d
 S
o
u
th
 A
m
er
ic
a 
an
d
 A
si
a,
 b
u
t 
n
o
t 
in
 s
o
m
e 
p
ar
ts
 o
f 
th
e 
la
tt
er
 c
o
n
ti
n
en
ts
 a
n
d
 A
fr
ic
a 
d
u
e 
to
 v
ar
io
u
s 
co
n
st
ra
in
ts
.
8 
G
en
er
al
ly
, a
 m
an
u
re
 s
ys
te
m
 t
h
at
 r
ed
u
ce
s 
th
e 
ti
m
e 
b
et
w
ee
n
 f
ae
ce
s 
an
d
 u
ri
n
e 
ex
cr
et
io
n
 a
n
d
 r
em
o
vi
n
g
 m
an
u
re
 f
ro
m
 t
h
e 
an
im
al
 h
o
u
se
 w
ill
 r
ed
u
ce
 N
H
3 
an
d
 C
H
4 
em
is
si
o
n
s 
fr
o
m
 t
h
e 
b
u
ild
in
g
 (
d
at
a 
o
n
 N
2O
 a
re
 n
o
t 
co
n
cl
u
si
ve
 a
n
d
 t
h
er
e 
is
 li
tt
le
 N
2O
 e
m
is
si
o
n
 f
ro
m
 b
u
ild
in
g
s 
an
d
 m
an
u
re
 s
to
ra
g
e)
. F
o
r 
ex
am
p
le
, s
to
ri
n
g
 m
an
u
re
 in
 t
h
e 
b
u
ild
in
g
 g
re
at
ly
 in
cr
ea
se
s 
N
H
3 
an
d
 
C
H
4 
em
is
si
o
n
s 
fr
o
m
 t
h
e 
an
im
al
 h
o
u
se
. T
yp
e 
o
f 
m
an
u
re
 s
ys
te
m
 a
ls
o
 h
as
 a
n
 e
ff
ec
t 
o
f 
G
H
G
 e
m
is
si
o
n
s.
 F
o
r 
ex
am
p
le
, d
ai
ly
 f
lu
sh
in
g
 o
f 
m
an
u
re
 f
ro
m
 a
 d
ai
ry
 b
ar
n
 w
ill
 r
ed
u
ce
 N
H
3 
an
d
 C
H
4 
em
is
si
o
n
s 
co
m
p
ar
ed
 w
it
h
 s
cr
ap
in
g
. T
h
is
 m
it
ig
at
io
n
 p
ra
ct
ic
e 
re
d
u
ce
s 
em
is
si
o
n
s 
fr
o
m
 t
h
e 
b
u
ild
in
g
 o
n
ly
; d
ep
en
d
in
g
 o
n
 t
yp
e 
o
f 
st
o
ra
g
e,
 e
m
is
si
o
n
s 
ca
n
 b
e 
g
re
at
er
 f
ro
m
 m
an
u
re
 t
h
at
 is
 
re
m
o
ve
d
 d
ai
ly
 v
s 
m
an
u
re
 t
h
at
 r
es
id
es
 in
 t
h
e 
an
im
al
 b
u
ild
in
g
 f
o
r 
lo
n
g
er
 p
er
io
d
s 
o
f 
ti
m
e.
 
9 
A
n
ae
ro
b
ic
 d
ig
es
ti
o
n
 a
n
d
 s
o
lid
s 
se
p
ar
at
io
n
 r
ed
u
ce
 t
h
e 
so
u
rc
e 
o
f 
d
eg
ra
d
ab
le
 C
 in
 t
h
e 
m
an
u
re
 a
p
p
lie
d
 t
o
 t
h
e 
so
il 
an
d
 a
s 
a 
co
n
se
q
u
en
ce
 r
ed
u
ce
 t
h
e 
p
o
te
n
ti
al
 f
o
r 
n
it
ri
fi
ca
ti
o
n
 a
n
d
 N
2O
 
em
is
si
o
n
s.
  
10
 A
m
m
o
n
ia
 e
m
is
si
o
n
s 
w
ill
 in
cr
ea
se
 a
s 
m
o
re
 o
rg
an
ic
 N
 is
 d
ec
o
m
p
o
se
d
 t
o
 N
H
3-
N
; m
ag
n
it
u
d
e 
is
 u
n
cl
ea
r.
11
 R
ed
u
ci
n
g
 t
h
e 
so
lid
s 
co
n
te
n
t 
o
f 
m
an
u
re
 f
ac
ili
ta
te
s 
in
fi
lt
ra
ti
o
n
 a
n
d
 p
re
ve
n
ts
 N
H
3 
lo
ss
es
 f
ro
m
 la
n
d
 a
p
p
lic
at
io
n
. 
12
 (s
ee
 a
ls
o
 A
er
at
io
n
 d
u
ri
n
g
 li
q
u
id
 m
an
u
re
 s
to
ra
g
e 
an
d
 C
o
m
p
o
st
in
g
) 
In
 s
o
m
e 
ca
se
s,
 a
er
at
io
n
 o
f 
m
an
u
re
 m
ay
 s
ti
m
u
la
te
 t
h
e 
tr
an
sf
o
rm
at
io
n
 o
f 
N
H
3-
N
 in
to
 N
O
3-
N
 w
h
ic
h
 in
cr
ea
se
s 
th
e 
p
o
te
n
ti
al
 f
o
r 
N
2O
 e
m
is
si
o
n
s 
an
d
 r
ed
u
ce
s 
th
e 
p
o
te
n
ti
al
 f
o
r 
N
H
3 
vo
la
ti
liz
at
io
n
. I
n
 m
o
st
 c
as
es
, c
o
m
p
o
st
in
g
 in
cr
ea
se
s 
N
H
3 
lo
ss
es
. 
13
 M
an
u
re
 a
ci
d
if
ic
at
io
n
 d
ec
re
as
es
 t
h
e 
fr
ac
ti
o
n
 o
f 
vo
la
ti
le
 N
H
3-
N
 in
 m
an
u
re
, b
u
t 
m
ay
 in
cr
ea
se
 N
2O
 e
m
is
si
o
n
s 
af
te
r 
la
n
d
 a
p
p
lic
at
io
n
.
14
 In
cr
ea
si
n
g
 t
h
e 
ti
m
e 
m
an
u
re
 is
 s
to
re
d
 in
cr
ea
se
s 
p
o
te
n
ti
al
 e
m
is
si
o
n
s 
b
y 
in
cr
ea
si
n
g
 t
h
e 
co
n
ce
n
tr
at
io
n
 o
f 
N
H
3 
an
d
 C
H
4 
th
ro
u
g
h
 d
eg
ra
d
at
io
n
 o
f 
n
u
tr
ie
n
ts
 in
 m
an
u
re
 a
n
d
 t
h
e 
ti
m
e 
m
an
u
re
 e
m
is
si
o
n
s 
o
cc
u
r, 
cr
ea
ti
n
g
 a
 c
o
m
p
o
u
n
d
 e
ff
ec
t 
va
ry
in
g
 w
id
el
y 
in
 m
ag
n
it
u
d
e.
 T
h
is
 s
tr
at
eg
y 
is
 li
st
ed
 w
it
h
 H
ig
h
 m
it
ig
at
io
n
 p
o
te
n
ti
al
 b
ec
au
se
 n
o
t 
st
o
ri
n
g
 m
an
u
re
 w
o
u
ld
 b
e 
a 
to
ta
l 
av
o
id
an
ce
 o
f 
st
o
ra
g
e 
G
H
G
.
15
 C
o
ve
ri
n
g
 t
h
e 
m
an
u
re
 w
it
h
 p
er
m
ea
b
le
 p
o
ro
u
s 
co
ve
rs
 p
ro
m
o
te
s 
n
it
ri
fi
ca
ti
o
n
 a
n
d
 N
2O
 e
m
is
si
o
n
s.
16
 A
lt
h
o
u
g
h
 e
ff
ec
ti
ve
, i
m
p
ra
ct
ic
al
 t
o
 c
o
n
tr
o
l. 
17
 C
o
ve
ri
n
g
 t
h
e 
m
an
u
re
 s
to
ra
g
e 
w
it
h
 im
p
er
m
ea
b
le
 c
o
ve
rs
 p
re
ve
n
ts
 N
H
3 
vo
la
ti
liz
at
io
n
 d
u
ri
n
g
 s
to
ra
g
e 
an
d
 in
cr
ea
se
s 
th
e 
co
n
te
n
t 
o
f 
N
H
3 
in
 t
h
e 
m
an
u
re
, w
h
ic
h
 g
en
er
al
ly
 r
es
u
lt
s 
in
 g
re
at
er
 
o
f 
N
H
3 
em
is
si
o
n
s 
af
te
r 
la
n
d
 a
p
p
lic
at
io
n
.
(C
on
t.
)
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(C
on
t.
) 
18
 In
je
ct
in
g
 m
an
u
re
 in
cr
ea
se
s 
th
e 
so
il 
o
rg
an
ic
 C
 a
n
d
 N
 p
o
o
ls
, i
n
d
u
ci
n
g
 r
ed
u
ct
io
n
 c
o
n
d
it
io
n
s 
an
d
 p
ro
m
o
ti
n
g
 N
2O
 e
m
is
si
o
n
s;
 t
h
e 
m
ag
n
it
u
d
e 
o
f 
in
cr
ea
se
 d
ep
en
d
s 
o
n
 s
o
il 
m
o
is
tu
re
, t
ex
tu
re
, 
te
m
p
er
at
u
re
 a
n
d
 m
an
y 
o
th
er
 f
ac
to
rs
.
19
 T
im
in
g
 la
n
d
 a
p
p
lic
at
io
n
 o
f 
m
an
u
re
 t
o
 t
em
p
er
at
u
re
 a
n
d
 s
o
il 
m
o
is
tu
re
 c
o
n
d
it
io
n
s 
th
at
 a
re
 n
o
t 
co
n
d
u
ct
iv
e 
to
 n
it
ri
fi
ca
ti
o
n
 a
n
d
 N
2O
 e
m
is
si
o
n
s 
ca
n
 h
av
e 
a 
la
rg
e 
b
u
t 
va
ri
ab
le
 im
p
ac
t 
o
n
 
em
is
si
o
n
s.
 
20
 C
o
ve
r 
cr
o
p
s 
ca
n
 in
cr
ea
se
 p
la
n
t 
N
 u
p
ta
ke
 a
n
d
 d
ec
re
as
e 
ac
cu
m
u
la
ti
o
n
 o
f 
n
it
ra
te
, a
n
d
 t
h
u
s 
re
d
u
ce
 N
2O
 p
ro
d
u
ct
io
n
 t
h
ro
u
g
h
 d
en
it
ri
fi
ca
ti
o
n
, b
u
t 
th
e 
re
su
lt
s 
o
n
 o
ve
ra
ll 
G
H
G
 e
m
is
si
o
n
s 
h
av
e 
n
o
t 
b
ee
n
 c
o
n
si
st
en
t.
 In
te
ra
ct
io
n
s 
w
it
h
 o
th
er
 s
o
il 
co
n
se
rv
at
io
n
 p
ra
ct
ic
es
 a
re
 s
ig
n
if
ic
an
t 
(t
ill
ag
e 
sy
st
em
, f
o
r 
ex
am
p
le
) 
an
d
 m
u
st
 b
e 
co
n
si
d
er
ed
 w
h
en
 t
h
e 
g
o
al
 o
f 
co
ve
r 
cr
o
p
p
in
g
 is
 
re
d
u
ci
n
g
 w
h
o
le
-f
ar
m
 G
H
G
 e
m
is
si
o
n
s.
21
 S
o
il 
ve
g
et
at
io
n
 c
o
ve
r 
in
te
rc
ep
ts
 la
n
d
 a
p
p
lie
d
 m
an
u
re
, r
ed
u
ci
n
g
 in
fi
lt
ra
ti
o
n
 a
n
d
 c
o
n
ta
ct
 w
it
h
 s
o
il,
 w
h
ic
h
 r
es
u
lt
s 
in
 g
re
at
er
 N
H
3 
vo
la
ti
liz
at
io
n
 lo
ss
es
 w
h
o
se
 m
ag
n
it
u
d
e 
d
ep
en
d
s 
o
n
 t
h
e 
ap
p
lic
at
io
n
 m
et
h
o
d
 a
n
d
 m
an
u
re
 c
h
ar
ac
te
ri
st
ic
s.
22
 N
it
ri
fi
ca
ti
o
n
 in
h
ib
it
o
rs
 h
av
e 
re
d
u
ce
d
 N
2O
 e
m
is
si
o
n
s 
an
d
 N
 le
ac
h
in
g
 in
 in
te
n
si
ve
 d
ai
ry
 a
n
d
 s
h
ee
p
 p
ro
d
u
ct
io
n
 s
ys
te
m
s 
o
f 
A
u
st
ra
lia
 a
n
d
 N
ew
 Z
ea
la
n
d
.
23
 C
o
st
 w
ill
 li
m
it
 a
p
p
lic
ab
ili
ty
 in
 d
ev
el
o
p
in
g
 c
o
u
n
tr
ie
s.
 
24
 U
re
as
e 
in
h
ib
it
o
rs
 w
o
rk
 w
el
l b
ef
o
re
 u
re
a-
N
 in
 t
h
e 
u
ri
n
e 
is
 t
ra
n
sf
o
rm
ed
 t
o
 N
H
3-
N
 in
 m
an
u
re
; t
h
er
ef
o
re
 t
h
e 
o
p
p
o
rt
u
n
it
y 
fo
r 
ap
p
lic
at
io
n
 m
ay
 b
e 
lim
it
ed
 t
o
 in
te
n
si
ve
 f
ee
d
lo
t 
p
ro
d
u
ct
io
n
 
o
r 
w
as
te
 h
an
d
lin
g
 s
ys
te
m
s,
 in
 w
h
ic
h
 f
ae
ce
s 
an
d
 u
ri
n
e 
ar
e 
se
p
ar
at
ed
.
25
 S
o
il 
m
o
is
tu
re
 c
o
n
te
n
t 
af
fe
ct
s 
th
e 
n
it
ri
fi
ca
ti
o
n
 a
n
d
 d
en
it
ri
fi
ca
ti
o
n
 p
o
te
n
ti
al
, r
es
u
lt
in
g
 in
 la
rg
e 
va
ri
at
io
n
 in
 N
2O
 e
m
is
si
o
n
s.
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TA
b
le
 A
3
a
n
im
al
 m
an
ag
em
en
t 
st
ra
te
g
ie
s 
o
ff
er
in
g
 n
o
n
-c
o
2 
g
re
en
h
o
u
se
 g
as
 m
it
ig
at
io
n
 o
p
p
o
rt
u
n
it
ie
s
c
at
eg
o
ry
sp
ec
ie
s1
ef
fe
ct
 o
n
 
p
ro
d
u
ct
iv
it
y
Po
te
n
ti
al
 c
h
4  
m
it
ig
at
in
g
 e
ff
ec
t2
  
Po
te
n
ti
al
 n
2 o
 
m
it
ig
at
in
g
 e
ff
ec
t2
  
ef
fe
ct
iv
e3
r
ec
o
m
m
en
d
ed
4
a
p
p
lic
ab
ili
ty
 t
o
 
re
g
io
n
5
In
cr
ea
se
d
 p
ro
d
u
ct
iv
it
y
A
S
In
cr
ea
se
H
ig
h
6
H
ig
h
6
Y
es
Y
es
A
ll
R
ec
o
m
b
in
an
t 
b
o
vi
n
e 
so
m
at
o
tr
o
p
in
D
C
In
cr
ea
se
l o
w
?
Y
es
?
Y
es
?8
N
A
,S
A
,A
S,
A
F
G
en
et
ic
 s
el
ec
ti
o
n
 (
R
es
id
u
al
 
Fe
ed
 In
ta
ke
)7
b
C
,D
C
,S
W
?
N
o
n
e
lo
w
?
?
Y
es
Y
es
?9
N
A
,e
U
,S
A
,O
C
A
n
im
al
 h
ea
lt
h
A
S
In
cr
ea
se
lo
w
?
lo
w
?
Y
es
Y
es
A
ll
R
ed
u
ce
d
 a
n
im
al
 m
o
rt
al
it
y
A
S
In
cr
ea
se
lo
w
?
lo
w
?
Y
es
Y
es
A
ll
R
ed
u
ce
d
 a
g
e 
at
 h
ar
ve
st
 a
n
d
 
re
d
u
ce
d
 d
ay
s 
o
n
 f
ee
d
A
S1
0
N
o
n
e
M
ed
iu
m
M
ed
iu
m
Y
es
Y
es
A
ll
?:
 in
d
ic
at
es
 u
n
ce
rt
ai
n
ty
 d
u
e 
to
 li
m
it
ed
 r
es
ea
rc
h
, v
ar
ia
b
le
 r
es
u
lt
s,
 o
r 
la
ck
/in
su
ff
ic
ie
n
t 
d
at
a 
o
n
 p
er
si
st
en
cy
 o
f 
th
e 
ef
fe
ct
.
1 
D
C
 =
 d
ai
ry
 c
at
tl
e;
 b
C
 =
 b
ee
f 
ca
tt
le
 (
ca
tt
le
 in
cl
u
d
e 
Bo
s 
ta
ur
us
 a
n
d
 B
os
 in
di
cu
s)
; S
W
 =
 s
w
in
e;
 A
S 
=
 a
ll 
sp
ec
ie
s.
 
2 
H
ig
h
 =
 ≥
 3
0 
p
er
ce
n
t 
m
it
ig
at
in
g
 e
ff
ec
t;
 M
ed
iu
m
 =
 1
0 
to
 3
0 
p
er
ce
n
t 
m
it
ig
at
in
g
 e
ff
ec
t;
 l
o
w
 =
 ≤
 1
0 
p
er
ce
n
t 
m
it
ig
at
in
g
 e
ff
ec
t.
 M
it
ig
at
in
g
 e
ff
ec
ts
 r
ef
er
 t
o
 p
er
ce
n
t 
ch
an
g
e 
o
ve
r 
a 
“s
ta
n
d
ar
d
 
p
ra
ct
ic
e”
, i
.e
. s
tu
d
y 
co
n
tr
o
l t
h
at
 w
as
 u
se
d
 f
o
r 
co
m
p
ar
is
o
n
 a
n
d
 a
re
 b
as
ed
 o
n
 c
o
m
b
in
at
io
n
 o
f 
st
u
d
y 
d
at
a 
an
d
 ju
d
g
em
en
t 
b
y 
th
e 
au
th
o
rs
 o
f 
th
is
 d
o
cu
m
en
t.
3 
D
et
er
m
in
ed
 o
n
 t
h
e 
b
as
is
 o
f:
 G
H
G
 m
it
ig
at
io
n
 p
o
te
n
ti
al
 a
n
d
/o
r 
ef
fe
ct
 o
n
 p
ro
d
u
ct
iv
it
y 
(n
o
 n
eg
at
iv
e 
ef
fe
ct
 o
r 
im
p
ro
ve
m
en
t 
is
 b
en
ef
ic
ia
l)
.
4 
b
as
ed
 o
n
 a
va
ila
b
le
 r
es
ea
rc
h
 o
r 
la
ck
 o
f 
su
ff
ic
ie
n
t 
re
se
ar
ch
. 
5 
R
eg
io
n
s:
 A
ll 
=
 a
ll 
re
g
io
n
s;
 e
U
 =
 e
u
ro
p
e,
 A
S 
=
 A
si
a,
 A
F 
=
 A
fr
ic
a,
 N
A
 =
 N
o
rt
h
 A
m
er
ic
a;
 S
A
 =
 S
o
u
th
 A
m
er
ic
a;
 O
C
 =
 O
ce
an
ia
.
6 
In
cr
ea
se
d
 p
ro
d
u
ct
iv
it
y 
w
ill
 h
av
e 
a 
p
o
w
er
fu
l m
it
ig
at
in
g
 e
ff
ec
t 
o
n
 G
H
G
 e
m
is
si
o
n
s,
 b
u
t 
th
e 
si
ze
 o
f 
th
e 
ef
fe
ct
 w
ill
 d
ep
en
d
 o
n
 a
 v
ar
ie
ty
 o
f 
fa
ct
o
rs
 (
b
as
el
in
e 
p
ro
d
u
ct
iv
it
y,
 t
yp
e 
o
f 
an
im
al
, 
ty
p
e 
o
f 
p
ro
d
u
ct
io
n
, f
ee
d
 q
u
al
it
y 
an
d
 a
va
ila
b
ili
ty
, g
en
et
ic
 m
ak
eu
p
 o
f 
th
e 
h
er
d
, e
tc
.)
. 
7 
R
FI
 x
 n
u
tr
it
io
n
 in
te
ra
ct
io
n
 a
p
p
ar
en
t 
w
it
h
 C
H
4 
re
d
u
ct
io
n
s 
o
cc
u
rr
in
g
 in
 h
ig
h
 q
u
al
it
y 
d
ie
ts
 o
r 
p
as
tu
re
s.
8 
D
ep
en
d
s 
o
n
 n
at
io
n
al
 r
eg
u
la
ti
o
n
s.
 
9 
 U
n
ce
rt
ai
n
 r
es
u
lt
s 
an
d
 r
eq
u
ir
es
 s
ig
n
if
ic
an
t 
in
ve
st
m
en
t;
 p
ro
b
ab
ly
 im
p
ra
ct
ic
al
 f
o
r 
m
an
y 
d
ev
el
o
p
in
g
 c
o
u
n
tr
ie
s.
 
10
 M
ea
t 
an
im
al
s 
o
n
ly
. 
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TA
b
le
 A
4 
r
ep
ro
d
u
ct
iv
e 
m
an
ag
em
en
t 
st
ra
te
g
ie
s 
o
ff
er
in
g
 n
o
n
-c
o
2 
g
re
en
h
o
u
se
 g
as
 m
it
ig
at
io
n
 o
p
p
o
rt
u
n
it
ie
s1
c
at
eg
o
ry
sp
ec
ie
s1
r
el
at
iv
e 
ef
fe
ct
iv
en
es
s2
 
In
p
u
t 
re
q
u
ir
ed
 t
o
  
ac
h
ie
ve
 d
es
ir
ed
 e
ff
ec
t3
a
p
p
lic
ab
ili
ty
 t
o
 r
eg
io
n
4
m
at
in
g
 s
tr
at
eg
ie
s
C
ro
ss
b
re
ed
in
g
A
R
, S
W
H
ig
h
lo
w
A
ll
R
ed
u
ce
d
 in
b
re
ed
in
g
5
A
R
, S
W
M
ed
iu
m
M
o
d
er
at
e
A
ll
G
en
o
m
ic
 s
el
ec
ti
o
n
 f
o
r 
fe
rt
ili
ty
A
R
, S
W
M
ed
iu
m
H
ig
h
D
ev
el
o
p
ed
Im
p
ro
ve
d
 p
ro
d
u
ct
iv
e 
lif
e
A
ll
ea
rl
y 
p
u
b
er
ty
A
R
, S
W
M
ed
iu
m
M
o
d
er
at
e
A
ll
ea
rl
y 
w
ea
n
in
g
A
R
, S
W
M
ed
iu
m
M
o
d
er
at
e/
 H
ig
h
A
ll
R
ed
u
ce
 s
ea
so
n
al
it
y
A
R
, S
W
M
ed
iu
m
M
o
d
er
at
e
A
ll
e n
h
an
ce
d
 f
ec
u
n
d
it
y6
In
cr
ea
se
d
 li
tt
er
 s
iz
e
SW
, S
H
, G
O
H
ig
h
H
ig
h
C
h
in
a
In
cr
ea
se
d
 li
tt
er
/y
r
SW
, S
H
, G
O
H
ig
h
H
ig
h
C
h
in
a
Pr
o
lif
ic
 b
re
ed
s
SW
, S
H
, G
O
H
ig
h
lo
w
A
ll
G
en
e 
in
tr
o
g
re
ss
io
n
SW
, S
H
, G
O
H
ig
h
H
ig
h
A
ll
ex
te
n
d
ed
 b
re
ed
in
g
 s
ea
so
n
SH
, G
O
M
ed
iu
m
M
o
d
er
at
e/
 l
o
w
D
ev
el
o
p
ed
Pe
ri
p
ar
tu
ri
en
t 
ca
re
/h
ea
lt
h
Sh
o
rt
en
 d
ry
 p
er
io
d
D
C
M
ed
iu
m
lo
w
D
ev
el
o
p
ed
In
cr
ea
se
 d
ry
 m
at
te
r 
In
ta
ke
D
C
M
ed
iu
m
M
o
d
er
at
e
D
ev
el
o
p
ed
D
ie
ta
ry
 li
p
id
s
A
R
M
ed
iu
m
H
ig
h
D
ev
el
o
p
ed
V
ac
ci
n
at
io
n
A
R
, S
W
M
ed
iu
m
M
o
d
er
at
e
A
ll
r
ed
u
ct
io
n
 o
f 
st
re
ss
o
rs
H
ea
t
A
R
, S
W
H
ig
h
lo
w
/ M
o
d
er
at
e
A
ll
H
an
d
lin
g
/t
ra
n
sp
o
rt
A
R
, S
W
M
ed
iu
m
?
M
o
d
er
at
e/
 l
o
w
D
is
ea
se
A
R
, S
W
H
ig
h
M
o
d
er
at
e/
 H
ig
h
A
ll
N
u
tr
it
io
n
A
R
, S
W
H
ig
h
M
o
d
er
at
e
A
ll?
(C
on
t.
)
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TA
b
le
 A
4 
(C
on
t.
)
r
ep
ro
d
u
ct
iv
e 
m
an
ag
em
en
t 
st
ra
te
g
ie
s 
o
ff
er
in
g
 n
o
n
-c
o
2 
g
re
en
h
o
u
se
 g
as
 m
it
ig
at
io
n
 o
p
p
o
rt
u
n
it
ie
s1
c
at
eg
o
ry
sp
ec
ie
s1
r
el
at
iv
e 
ef
fe
ct
iv
en
es
s2
 
In
p
u
t 
re
q
u
ir
ed
 t
o
  
ac
h
ie
ve
 d
es
ir
ed
 e
ff
ec
t3
a
p
p
lic
ab
ili
ty
 t
o
 r
eg
io
n
4
a
ss
is
te
d
 r
ep
ro
d
u
ct
iv
e 
te
ch
n
o
lo
g
ie
s7
A
rt
if
ic
ia
l i
n
se
m
in
at
io
n
A
R
, S
W
H
ig
h
M
o
d
er
at
e/
 H
ig
h
A
ll?
H
o
rm
o
n
al
 s
yn
ch
ro
n
iz
at
io
n
A
R
, S
W
M
ed
iu
m
H
ig
h
D
ev
el
o
p
ed
em
b
ry
o
 t
ra
n
sf
er
A
R
, S
W
H
ig
h
H
ig
h
D
ev
el
o
p
ed
G
en
d
er
-s
el
ec
te
d
Pr
eg
n
an
cy
 d
ia
g
n
o
si
s
A
R
H
ig
h
H
ig
h
A
ll
1 
A
ll 
m
it
ig
at
io
n
 s
tr
at
eg
ie
s 
in
 t
h
is
 t
ab
le
 a
re
 r
ec
o
m
m
en
d
ed
 if
 t
h
ey
 a
re
 s
u
p
p
o
rt
ed
 b
y 
o
th
er
 a
sp
ec
ts
 o
f 
th
e 
p
ro
d
u
ct
io
n
 s
ys
te
m
 (
e.
g
. n
u
tr
it
io
n
, f
ac
ili
ti
es
, e
tc
.)
. D
C
 =
 d
ai
ry
 c
at
tl
e;
 b
C
 =
 b
ee
f 
ca
tt
le
 (
ca
tt
le
 in
cl
u
d
e 
Bo
s 
ta
ur
us
 a
n
d
 B
os
 in
di
cu
s)
; S
H
 =
 s
h
ee
p
;  
G
O
 =
 g
o
at
s;
 A
R
 =
 a
ll 
ru
m
in
an
ts
; S
W
 =
 s
w
in
e.
2 
D
et
er
m
in
ed
 o
n
 t
h
e 
b
as
is
 o
f 
m
ag
n
it
u
d
e 
o
f 
ex
p
ec
te
d
 e
ff
ec
t 
o
n
 f
er
ti
lit
y:
 H
ig
h
 (
H
ig
h
ly
 e
ff
ec
ti
ve
),
 >
 5
 p
er
ce
n
t 
in
cr
ea
se
 in
 p
re
g
n
an
cy
 r
at
e 
(n
u
m
b
er
 o
f 
an
im
al
s 
co
n
ce
iv
in
g
 d
u
ri
n
g
 
th
e 
b
re
ed
in
g
 s
ea
so
n
) 
o
r 
fe
cu
n
d
it
y 
(n
u
m
b
er
 o
f 
o
ff
sp
ri
n
g
 b
o
rn
 d
u
ri
n
g
 a
 b
re
ed
in
g
 s
ea
so
n
);
 M
ed
iu
m
 (
M
ed
iu
m
 e
ff
ec
ti
ve
),
 1
 t
o
 5
 p
er
ce
n
t.
 b
as
ed
 o
n
 c
o
m
b
in
at
io
n
 o
f 
st
u
d
y 
d
at
a 
an
d
 
ju
d
g
em
en
t 
b
y 
th
e 
au
th
o
rs
 o
f 
th
is
 d
o
cu
m
en
t.
3 
H
ig
h
 =
 s
u
b
st
an
ti
al
 f
ac
ili
ti
es
, r
es
o
u
rc
es
 o
r 
tr
ai
n
in
g
 n
ee
d
ed
; M
o
d
er
at
e 
=
 s
o
m
e 
fa
ci
lit
y 
im
p
ro
ve
m
en
ts
, e
n
h
an
ce
d
 r
es
o
u
rc
es
 o
r 
tr
ai
n
in
g
 n
ee
d
ed
; l
o
w
 =
 f
ew
/m
o
d
es
t 
fa
ci
lit
y 
im
p
ro
ve
m
en
ts
, 
en
h
an
ce
d
 r
es
o
u
rc
es
 o
r 
tr
ai
n
in
g
 n
ee
d
ed
. 
4 
R
eg
io
n
s:
 A
ll 
=
 a
ll 
re
g
io
n
s;
 D
ev
el
o
p
ed
 =
 d
ev
el
o
p
ed
 c
o
u
n
tr
ie
s.
 
5 
es
ti
m
at
es
 r
ep
re
se
n
t 
es
ti
m
at
es
 o
f 
in
b
re
ed
in
g
 o
f 
20
 p
er
ce
n
t 
in
 p
u
re
b
re
d
 s
h
ee
p
 (
er
ca
n
b
ra
ck
 a
n
d
 K
n
ig
h
t,
 1
99
1)
 a
n
d
 o
f 
5 
to
 1
5 
p
er
ce
n
t 
in
 d
ai
ry
 c
at
tl
e 
(S
o
ar
es
 e
t 
al
., 
20
11
; P
an
et
to
 e
t 
al
., 
20
10
).
 e
ac
h
 1
 p
er
ce
n
t 
in
cr
ea
se
 in
 in
b
re
ed
in
g
 in
 s
h
ee
p
 r
es
u
lt
s 
in
 a
 1
 p
er
ce
n
t 
d
ec
lin
e 
in
 la
m
b
s 
w
ea
n
ed
 p
er
 e
w
e.
 A
ve
ra
g
e 
in
b
re
ed
in
g
 c
o
ef
fi
ci
en
ts
 in
 p
u
re
b
re
d
 s
h
ee
p
 b
re
ed
s 
w
as
 2
0-
30
 
p
er
ce
n
t 
(e
rc
an
b
ra
ck
 a
n
d
 K
n
ig
h
t,
 1
99
1)
.
6 
C
h
in
a:
 p
o
te
n
ti
al
 d
ec
re
as
e 
in
 a
n
im
al
 n
u
m
b
er
s:
 3
20
 0
00
 t
o
 2
 2
50
 0
00
; p
o
te
n
ti
al
 C
H
4 
an
d
 N
2O
 m
it
ig
at
in
g
 e
ff
ec
t,
 2
.5
 t
o
 7
.5
 p
er
ce
n
t.
 e
st
im
at
es
 r
ep
re
se
n
t 
re
d
u
ct
io
n
 in
 s
o
w
 n
u
m
b
er
s 
p
o
ss
ib
le
 in
 b
re
ed
in
g
 h
er
d
 in
 C
h
in
a 
if
 li
tt
er
 s
iz
e 
in
cr
ea
se
d
 b
y 
1 
p
ig
/li
tt
er
 (
to
 U
n
it
ed
 S
ta
te
s 
le
ve
l o
f 
10
.3
 p
ig
s 
w
ea
n
ed
/li
tt
er
) 
an
d
 0
.4
 in
cr
ea
se
 in
 li
tt
er
s 
p
er
 y
ea
r 
(t
o
 U
n
it
ed
 S
ta
te
s 
le
ve
l 
o
f 
2.
3)
. R
es
u
lt
s 
re
fl
ec
t 
p
o
te
n
ti
al
 m
it
ig
at
io
n
 in
 t
h
e 
co
m
m
er
ci
al
 s
w
in
e 
in
d
u
st
ry
 w
h
ic
h
 r
ep
re
se
n
ts
 a
b
o
u
t 
40
 p
er
ce
n
t 
o
f 
p
ro
d
u
ct
io
n
 (
re
m
ai
n
in
g
 6
0 
p
er
ce
n
t 
ar
e 
sm
al
lh
o
ld
er
/b
ac
ky
ar
d
 
o
p
er
at
io
n
s)
. I
f 
ap
p
lie
d
 t
o
 t
h
e 
re
m
ai
n
d
er
 o
f 
p
ro
d
u
ct
io
n
, t
h
e 
ef
fe
ct
 w
o
u
ld
 b
e 
si
g
n
if
ic
an
tl
y 
g
re
at
er
 (
Pr
o
fi
le
 o
f 
C
h
in
a 
Pi
g
 In
d
u
st
ry
 a
n
d
 D
ev
el
o
p
m
en
t,
 P
re
si
d
en
t,
 C
h
in
a 
N
at
io
n
al
 S
w
in
e 
In
d
u
st
ry
 A
ss
o
ci
at
io
n
).
7 
Po
te
n
ti
al
 d
ec
re
as
e 
in
 a
n
im
al
 n
u
m
b
er
s:
 >
 5
 p
er
ce
n
t;
 p
o
te
n
ti
al
 C
H
4 
an
d
 N
2O
 m
it
ig
at
in
g
 e
ff
ec
t,
 3
.5
 t
o
 5
.5
 p
er
ce
n
t.
 e
st
im
at
es
 r
ep
re
se
n
ts
 1
4 
m
ill
io
n
 f
ew
er
 r
ep
la
ce
m
en
t 
d
ai
ry
 a
n
im
al
s 
n
ee
d
ed
 w
it
h
 a
 5
 p
er
ce
n
t 
in
cr
ea
se
 in
 d
ai
ry
 c
o
n
ce
p
ti
o
n
 r
at
e.
 T
h
is
 w
ill
 a
ls
o
 in
cr
ea
se
 li
fe
ti
m
e 
m
ilk
 p
ro
d
u
ct
io
n
 a
n
d
, p
o
te
n
ti
al
ly
, p
ro
d
u
ct
iv
e 
lif
e.
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TA
b
le
 A
5 
ex
am
p
le
s 
o
f 
in
te
ra
ct
io
n
s 
am
o
n
g
 n
o
n
-c
o
2 
g
re
en
h
o
u
se
 g
as
 m
it
ig
at
io
n
 p
ra
ct
ic
es
1 
m
it
ig
at
io
n
 p
ra
ct
ic
e
Po
te
n
ti
al
 in
te
ra
ct
io
n
s
Pr
o
d
u
ct
io
n
 s
ys
te
m
 t
o
 w
h
ic
h
 
in
te
ra
ct
io
n
 m
ay
 b
e 
ap
p
lic
ab
le
en
te
ri
c 
c
h
4 
m
it
ig
at
io
n
 p
ra
ct
ic
es
el
ec
tr
o
n
 r
ec
ep
to
rs
 (
n
it
ra
te
s)
Po
te
n
ti
al
 f
o
r 
in
cr
ea
se
d
 N
2O
 e
m
is
si
o
n
 f
ro
m
 s
o
il 
fr
o
m
 u
ri
n
ar
y 
an
d
 m
an
u
re
 d
ep
o
si
ti
o
n
, 
in
cl
u
d
in
g
 m
an
u
re
 a
p
p
lie
d
 t
o
 s
o
il.
R
C
, R
M
, R
G
2
b
al
an
ce
d
 d
ie
ta
ry
 p
ro
te
in
W
ill
 d
ec
re
as
e 
m
an
u
re
 N
H
3 
an
d
 N
2O
 e
m
is
si
o
n
s,
 b
u
t 
m
ay
 (
b
as
ed
 o
n
 li
m
it
ed
 m
o
d
el
lin
g
 
d
at
a)
 in
cr
ea
se
 e
n
te
ri
c 
C
H
4 
p
ro
d
u
ct
io
n
 d
u
e 
to
 in
cr
ea
se
d
 p
ro
p
o
rt
io
n
 o
f 
d
ie
ta
ry
 
ca
rb
o
h
yd
ra
te
s 
re
p
la
ci
n
g
 d
ec
re
as
ed
 p
ro
te
in
. D
ec
re
as
in
g
 d
ie
ta
ry
 p
ro
te
in
 s
h
o
u
ld
 b
e 
im
p
le
m
en
te
d
 in
 a
 m
an
n
er
 t
o
 a
vo
id
 a
n
y 
d
ec
re
as
e 
in
 f
ee
d
 in
ta
ke
 a
n
d
 a
n
im
al
 p
ro
d
u
ct
io
n
, 
o
r 
ei
 w
ill
 in
cr
ea
se
. 
R
C
, R
M
, R
G
, M
I, 
M
M
, M
b
D
ie
ta
ry
 li
p
id
s
C
an
 r
ed
u
ce
 d
ig
es
ti
b
ili
ty
, f
ee
d
 in
ta
ke
, a
n
d
 a
n
im
al
 p
ro
d
u
ct
iv
it
y,
 t
h
u
s 
in
cr
ea
si
n
g
 e
i. 
C
an
 
in
cr
ea
se
 C
H
4 
fr
o
m
 s
to
re
d
 m
an
u
re
, i
f 
so
u
rc
e 
is
 f
ro
m
 o
ils
ee
d
s 
(e
.g
. c
o
tt
o
n
se
ed
).
 N
o
t 
re
co
m
m
en
d
ed
 w
it
h
 lo
w
-q
u
al
it
y 
d
ie
ts
 (
<
 5
0 
p
er
ce
n
t 
d
ig
es
ti
b
ili
ty
).
 D
o
 n
o
t 
ex
ce
ed
 6
 
p
er
ce
n
t 
et
h
er
 e
xt
ra
ct
 (
to
ta
l f
at
) 
in
 h
ig
h
er
-q
u
al
it
y 
d
ie
ts
.
R
C
, R
M
C
o
n
ce
n
tr
at
e 
in
cl
u
si
o
n
C
an
 d
ec
re
as
e 
en
te
ri
c 
C
H
4 
if
 >
 3
5 
to
 4
0 
p
er
ce
n
t 
(s
ta
rc
h
y 
co
n
ce
n
tr
at
es
).
 e
xp
ec
t 
p
ro
d
u
ct
iv
it
y 
ef
fe
ct
s,
 a
n
d
 d
ec
re
as
ed
 e
i, 
at
 lo
w
er
 in
cl
u
si
o
n
 le
ve
ls
. F
ib
re
 d
ig
es
ti
b
ili
ty
 c
an
 
d
ec
re
as
e 
at
 h
ig
h
 in
cl
u
si
o
n
 (
>
 4
0 
p
er
ce
n
t 
st
ar
ch
y 
co
n
ce
n
tr
at
es
).
 C
an
 le
ad
 t
o
 h
ig
h
er
 
vo
la
ti
le
 s
o
lid
s 
ex
cr
et
io
n
 in
 m
an
u
re
, a
n
d
 t
h
u
s 
h
ig
h
er
 C
H
4 
em
is
si
o
n
 d
u
ri
n
g
 m
an
u
re
 
st
o
ra
g
e.
 H
ig
h
ly
 d
ig
es
ti
b
le
 d
ie
ts
 w
ill
, h
o
w
ev
er
, p
ro
d
u
ce
 le
ss
 m
an
u
re
 a
n
d
 m
an
u
re
 C
.
R
C
, R
M
G
ra
zi
n
g
 m
an
ag
em
en
t
O
p
ti
m
iz
e 
p
ro
d
u
ct
iv
it
y 
p
er
 u
n
it
 o
f 
la
n
d
 b
y 
m
ax
im
iz
in
g
 d
ig
es
ti
b
le
 d
ry
 m
at
te
r 
in
ta
ke
. 
In
cr
ea
se
 f
o
d
d
er
 q
u
al
it
y 
to
 a
 le
ve
l t
h
at
 d
o
es
 n
o
t 
ex
ce
ed
 b
al
an
ce
d
 p
ro
te
in
 r
eq
u
ir
em
en
ts
, 
o
r 
N
2O
 e
m
is
si
o
n
s 
m
ay
 in
cr
ea
se
.
R
M
, R
G
Fe
ed
 p
ro
ce
ss
in
g
 (
g
ra
in
s)
C
o
u
ld
 h
av
e 
p
o
si
ti
ve
 e
ff
ec
t 
o
n
 e
n
te
ri
c 
C
H
4,
 C
H
4 
fr
o
m
 s
to
re
d
 m
an
u
re
 a
n
d
 N
2O
 e
m
is
si
o
n
s 
fr
o
m
 m
an
u
re
 a
p
p
lic
at
io
n
, i
f 
ru
m
en
 f
u
n
ct
io
n
 is
 n
o
t 
n
eg
at
iv
el
y 
af
fe
ct
ed
.
R
C
, R
M
A
lk
al
in
e 
tr
ea
tm
en
t 
o
f 
lo
w
-q
u
al
it
y 
fe
ed
s
If
 a
n
h
yd
ro
u
s 
N
H
3 
o
r 
u
re
a 
is
 u
se
d
, c
an
 le
ad
 t
o
 in
cr
ea
se
d
 N
H
3 
em
is
si
o
n
s.
R
C
, R
M
St
ra
te
g
ic
 s
u
p
p
le
m
en
ta
ti
o
n
 o
f 
lo
w
-q
u
al
it
y 
fe
ed
s
In
cr
ea
se
d
 f
ee
d
 in
ta
ke
, b
u
t 
m
ay
 le
ad
 t
o
 in
cr
ea
se
d
 m
an
u
re
 N
 e
xc
re
ti
o
n
 a
n
d
 p
o
te
n
ti
al
ly
 
N
H
3 
an
d
 N
2O
 e
m
is
si
o
n
s.
 In
cr
ea
se
d
 a
b
so
lu
te
 e
n
te
ri
c 
C
H
4,
 b
u
t 
d
ec
re
as
ed
 e
i.
R
M
, R
G
Pr
ec
is
io
n
 f
ee
d
in
g
W
ill
 r
ed
u
ce
 N
 a
n
d
 v
o
la
ti
le
 s
o
lid
s 
co
n
te
n
t 
in
 m
an
u
re
, t
h
u
s 
N
H
3 
, N
2O
 a
n
d
 C
H
4 
em
is
si
o
n
s 
R
C
m
an
u
re
 m
it
ig
at
io
n
 p
ra
ct
ic
es
D
ie
ta
ry
 t
an
n
in
s
M
ai
n
 e
ff
ec
t 
is
 t
o
 r
ed
u
ce
 N
H
3 
em
is
si
o
n
s.
 C
an
 r
ed
u
ce
 N
2O
 e
m
is
si
o
n
s 
fr
o
m
 m
an
u
re
 
ap
p
lic
at
io
n
 t
o
 s
o
il:
 d
ir
ec
tl
y,
 t
h
ro
u
g
h
 b
in
d
in
g
 t
o
 p
ro
te
in
s 
an
d
 in
d
ir
ec
tl
y,
 t
h
ro
u
g
h
 
d
iv
er
ti
n
g
 N
 f
ro
m
 u
ri
n
e 
to
 f
ae
ce
s.
 C
an
 r
ed
u
ce
 C
H
4 
em
is
si
o
n
 f
ro
m
 s
to
re
d
 m
an
u
re
. C
an
 
le
ad
 t
o
 lo
w
er
 in
ta
ke
 a
n
d
 d
ec
re
as
ed
 d
ig
es
ti
b
ili
ty
 in
 h
ig
h
-t
an
n
in
 f
o
ra
g
es
.
R
C
, R
M
, R
G
Ta
n
n
in
s 
ad
d
ed
 t
o
 m
an
u
re
Sl
o
w
 d
o
w
n
 d
ec
o
m
p
o
si
ti
o
n
 o
f 
m
an
u
re
 a
n
d
, c
o
n
se
q
u
en
tl
y,
 d
ec
re
as
es
 C
H
4 
em
is
si
o
n
s 
fr
o
m
 
st
o
re
d
 m
an
u
re
. S
h
o
u
ld
 n
o
t 
b
e 
u
se
d
 w
it
h
 a
n
ae
ro
b
ic
 d
ig
es
ti
o
n
.
R
C
, M
I, 
M
M
(C
on
t.
) 
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TA
b
le
 A
5 
(C
on
t.
) 
ex
am
p
le
s 
o
f 
in
te
ra
ct
io
n
s 
am
o
n
g
 n
o
n
-c
o
2 
g
re
en
h
o
u
se
 g
as
 m
it
ig
at
io
n
 p
ra
ct
ic
es
1 
m
it
ig
at
io
n
 p
ra
ct
ic
e
Po
te
n
ti
al
 in
te
ra
ct
io
n
s
Pr
o
d
u
ct
io
n
 s
ys
te
m
 t
o
 w
h
ic
h
 
in
te
ra
ct
io
n
 m
ay
 b
e 
ap
p
lic
ab
le
A
n
ae
ro
b
ic
 d
ig
es
ti
o
n
C
an
 in
cr
ea
se
 N
H
3 
em
is
si
o
n
 d
u
ri
n
g
 m
an
u
re
 s
to
ra
g
e 
an
d
 a
p
p
lic
at
io
n
 o
f 
m
an
u
re
 li
q
u
o
r.
R
C
, M
I, 
M
M
, M
b
G
ra
zi
n
g
 m
an
ag
em
en
t 
 
(i
n
te
n
si
ty
, s
ta
n
d
-o
ff
 p
ad
s)
G
ra
zi
n
g
 in
te
n
si
ty
 –
 s
am
e 
ef
fe
ct
s 
as
 f
o
r 
en
te
ri
c 
C
H
4.
 S
ta
n
d
-o
ff
 p
ad
s:
 m
ai
n
 e
ff
ec
t 
o
n
 
re
d
u
ci
n
g
 N
2O
 e
m
is
si
o
n
 f
ro
m
 u
ri
n
e 
p
at
ch
es
, b
u
t 
ca
n
 a
ls
o
 in
cr
ea
se
 C
H
4 
in
 m
an
u
re
 
d
ep
o
si
te
d
 in
 a
n
ae
ro
b
ic
 c
o
n
d
it
io
n
s.
 M
ay
 r
ed
u
ce
 f
er
ti
liz
er
 u
se
.
R
M
, R
G
D
ec
re
as
ed
 m
an
u
re
 s
to
ra
g
e 
ti
m
e
D
ir
ec
tl
y 
re
d
u
ce
s 
al
l g
as
eo
u
s 
em
is
si
o
n
s 
fr
o
m
 m
an
u
re
 s
to
ra
g
e.
 P
o
ss
ib
le
 in
cr
ea
se
 in
 N
2O
 
em
is
si
o
n
s 
w
h
en
 m
an
u
re
 is
 a
p
p
lie
d
 t
o
 s
o
il.
 S
h
o
rt
er
 s
to
ra
g
e 
ti
m
e 
m
ea
n
s 
m
o
re
 f
re
q
u
en
t 
so
il 
ap
p
lic
at
io
n
: m
ay
 h
av
e 
b
o
th
 p
o
si
ti
ve
 a
n
d
 n
eg
at
iv
e 
ef
fe
ct
s 
o
n
 G
H
G
 e
m
is
si
o
n
s 
fr
o
m
 
so
il,
 d
ep
en
d
in
g
 o
n
 s
ea
so
n
.
R
C
, R
M
, M
I, 
M
M
, M
b
N
at
u
ra
l o
r 
in
d
u
ce
d
 m
an
u
re
 c
ru
st
D
ir
ec
t 
re
d
u
ct
io
n
 o
f 
C
H
4 
em
is
si
o
n
. A
ls
o
 r
ed
u
ce
s 
N
H
3 
em
is
si
o
n
s,
 b
u
t 
m
ay
 in
cr
ea
se
 N
2O
 
em
is
si
o
n
s.
R
C
, R
M
, M
I, 
M
M
C
o
m
p
o
st
in
g
R
ed
u
ce
s 
C
H
4 
an
d
 p
er
h
ap
s 
N
2O
 e
m
is
si
o
n
s,
 b
u
t 
in
cr
ea
se
s 
N
H
3 
em
is
si
o
n
s 
an
d
 t
o
ta
l m
an
u
re
 
N
 lo
ss
es
. O
ve
ra
ll 
G
H
G
 e
m
is
si
o
n
 r
ed
u
ct
io
n
 e
ff
ec
t.
A
ci
d
if
ic
at
io
n
 a
n
d
 d
ec
re
as
in
g
 m
an
u
re
 
te
m
p
er
at
u
re
 (
st
o
ri
n
g
 o
u
ts
id
e 
in
 c
o
ld
 c
lim
at
e 
zo
n
es
)
W
ill
 g
en
er
al
ly
 r
ed
u
ce
 N
H
3 
an
d
 C
H
4 
em
is
si
o
n
s;
 in
te
ra
ct
io
n
 e
ff
ec
ts
 w
ea
k 
o
r 
n
o
t 
w
el
l 
u
n
d
er
st
o
o
d
.
R
C
, R
M
, M
I, 
M
M
Se
al
ed
 s
to
ra
g
e 
w
it
h
 f
la
re
ef
fe
ct
iv
el
y 
m
it
ig
at
es
 C
H
4 
em
is
si
o
n
s,
 b
u
t 
m
ay
 in
cr
ea
se
 N
H
3 
em
is
si
o
n
 d
u
ri
n
g
 s
to
ra
g
e 
an
d
 
so
il 
ap
p
lic
at
io
n
 o
f 
m
an
u
re
 li
q
u
o
r.
R
C
, M
I, 
M
M
, M
b
Su
b
su
rf
ac
e 
m
an
u
re
 in
co
rp
o
ra
ti
o
n
M
ai
n
 e
ff
ec
t 
is
 t
o
 d
ec
re
as
e 
N
2O
 e
m
is
si
o
n
s;
 it
 m
ay
 a
ls
o
 d
ec
re
as
e 
N
H
3 
lo
ss
es
, t
h
u
s 
re
d
u
ci
n
g
 
th
e 
n
ee
d
 f
o
r 
N
 f
er
ti
liz
er
. M
ay
 c
re
at
e 
lo
ca
liz
ed
 a
n
ae
ro
b
ic
 c
o
n
d
it
io
n
s 
an
d
 t
h
u
s 
re
su
lt
 in
 
in
cr
ea
se
d
 C
H
4 
em
is
si
o
n
s.
R
C
, R
M
, M
I, 
M
M
, M
b
So
il 
co
ve
r,
 c
o
ve
r 
cr
o
p
p
in
g
M
ai
n
 e
ff
ec
t 
is
 t
o
 e
n
h
an
ce
 u
p
ta
ke
 o
f 
n
it
ra
te
s 
b
y 
p
la
n
ts
 r
es
u
lt
in
g
 in
 lo
w
er
 N
2O
 e
m
is
si
o
n
s,
 
b
u
t 
re
su
lt
s 
h
av
e 
b
ee
n
 in
co
n
si
st
en
t;
 c
o
u
ld
 le
ad
 t
o
 h
ig
h
er
 o
ve
ra
ll 
N
2O
 lo
ss
 in
 h
ig
h
 r
ai
n
fa
ll 
sy
st
em
s 
an
d
 t
h
er
e 
ar
e 
si
g
n
if
ic
an
t 
in
te
ra
ct
io
n
s 
w
it
h
 o
th
er
 s
o
il 
co
n
se
rv
at
io
n
 p
ra
ct
ic
es
 
(n
o
-t
ill
ag
e,
 f
o
r 
ex
am
p
le
).
R
C
, R
M
, M
I, 
M
M
, M
b
N
it
ri
fi
ca
ti
o
n
 in
h
ib
it
o
rs
C
an
 in
cr
ea
se
 N
H
3 
em
is
si
o
n
s,
 d
ep
en
d
in
g
 o
n
 m
an
u
re
 s
to
ra
g
e.
 C
an
 in
cr
ea
se
 f
o
ra
g
e 
an
d
 
p
as
tu
re
 p
ro
d
u
ct
io
n
 (
o
r 
d
is
p
la
ce
 N
 f
er
ti
liz
er
).
R
C
, R
M
, R
G
, M
I, 
M
M
, M
b
U
re
as
e 
in
h
ib
it
o
rs
R
ed
u
ce
 N
H
3 
lo
ss
es
, b
u
t 
ca
n
 in
cr
ea
se
 N
2O
 e
m
is
si
o
n
s.
R
C
, M
I
1  
Th
is
 t
ab
le
 is
 c
o
n
st
ru
ct
ed
 o
n
 t
h
e 
b
as
is
 o
f 
d
is
cu
ss
io
n
s 
ab
o
u
t 
m
it
ig
at
io
n
 p
ra
ct
ic
es
 a
m
o
n
g
 F
A
O
 e
xp
er
ts
 a
n
d
 t
h
e 
au
th
o
rs
 o
f 
th
is
 d
o
cu
m
en
t.
2 
A
n
im
al
 p
ro
d
u
ct
io
n
 s
ys
te
m
: R
C
 =
 r
u
m
in
an
ts
, c
o
n
fi
n
ed
; R
M
 =
 r
u
m
in
an
ts
, m
ix
ed
; R
G
 =
 r
u
m
in
an
ts
, g
ra
zi
n
g
; M
I =
 m
o
n
o
g
as
tr
ic
s,
 in
d
u
st
ri
al
 (
la
rg
e 
sc
al
e,
 a
ll 
co
n
ce
n
tr
at
e 
fe
ed
, c
o
m
m
er
ci
al
);
 
M
M
 =
 m
o
n
o
g
as
tr
ic
s,
 in
te
rm
ed
ia
te
 (
m
ed
iu
m
 s
ca
le
, f
ee
d
in
g
 is
 w
it
h
 c
o
n
ce
n
tr
at
e 
an
d
 b
y-
p
ro
d
u
ct
s,
 c
o
m
m
er
ci
al
);
 M
b
 =
 b
ac
ky
ar
d
 (
m
o
st
ly
 f
ed
 o
n
 s
w
ill
 a
n
d
 b
ro
w
si
n
g
, n
o
t 
co
m
m
er
ci
al
).
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FAO ANIMAL PRODUCTION AND HEALTH
Animal agriculture substantially contributes to the world economy by providing 
food, jobs, and financial security for billions of people. With increasing concerns 
over global climate change and pollution, efforts are underway to reduce the 
overall environmental impact of animal production. This document analyses 
emission of non-carbon dioxide greenhouse gases, an important segment of the 
environmental footprint of animal production. It has been developed by a team 
that included experts in animal/ruminant nutrition, manure and soil 
management, animal and whole-farm modeling, and animal reproduction. Over 
900 publications focusing on nutritional and manure management mitigation 
strategies for methane (enteric or from manure) and nitrous oxide emissions 
were reviewed and analysed, and a synthesis of feed-, animal management- and 
manure management-based mitigation approaches and interactions amongst 
them has been presented. This document will help researchers, animal industry 
consultants, policy-makers, animal producers, non-governmental organizations, 
and other groups with interest in maintaining a viable and 
environmentally-responsible animal production sector to make sound decisions 
on selection and adoption of effective and economically feasible greenhouse 
gas mitigation practices. 
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